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SUMMARY 
 Nitrogen (N) generally limits primary production across large areas of the world’s 
oceans.   Allochthonous inputs of N (i.e., “new” N) via N2-fixing organisms (diazotrophs) 
are crucial for sustaining primary production and are often associated with net export of 
organic matter (OM) from surface waters.  Diazotroph N (ND) contribution plays an 
integral role in supporting oceanic food webs and regulating the flux of OM into and 
through the oceans (e.g., the biological pump).  Stable isotope techniques were used to 
trace the input and movement of new N through oceanic food webs.  Laboratory 
experiments were performed to determine elemental and isotopic shifts of OM exposed to 
microbial and metazoan processing.  δ15N of OM was typically higher when exposed to 
microbial communities, with no difference in δ15N of OM between experiments 
incubated at different temperatures (4°C and 25°C).   In separate experiments, shrimp 
digestion did not alter the δ15N of OM through digestion, but the δ15N of macerated OM 
was enriched in 15N.  Both of these experiments provide insight into the mechanisms 
driving variations in the δ15N of OM in the world’s oceans.  To assess the role of 
diazotrophs in oceanic food webs, we used the distribution of δ15N to quantify the 
relative ND contribution to suspended particle N (PN) and mesozooplankton N biomass 
(NZOOP) in the subtropical North Atlantic (STNA). Qualitatively, ND contribution was 
often high for both PN and NZOOP, with the highest contributions occurring in the mixed 
layer.  Our results also indicate higher ND contribution to both PN and NZOOP in the 
western portion of the basin than in the east.  ND contribution to larger mesozooplankton 
at depth further suggests that migrating mesozooplankton transport ND out of the mixed 
layer.  Quantitatively, ND trophic transfer efficiency was lower than bulk N trophic 
transfer efficiency, suggesting low assimilation of ND by mesozooplankton.  Overall, we 
estimated a ND pool turnover time on the order of weeks for our region of study.  These 
findings demonstrate that ND is laterally and vertically variable in the STNA, and that the 
 xxi 
ND pool is sensitive to perturbations on short timescales.  We discuss the global 
implications of our findings and their implications for the N cycle and elemental fluxes 
through oligotrophic oceans.   
 1 
CHAPTER 1 
INTRODUCTION 
1.1 N and C cycle linkages 
 Photosynthetically-fixed organic matter (OM) provides a source of energy and 
nutrients for oceanic food webs, and also represents a pathway for CO2 removal from the 
atmosphere (e.g., biological pump) over long timescales (100’s to 100,000’s of years) 
(Falkowski et al. 2000).  Autotrophic C-fixation and growth is often limited by the 
availability of other essential nutrients (e.g., N, P, Si).  Thus, nutrient availability 
generally sets an upper limit for total community production and the availability of 
resources for heterotrophs occupying higher trophic levels.  N availability limits primary 
production over large areas of the world’s oceans, especially in oligotrophic 
subtropical/tropical gyres (Falkowski et al. 1998, Zehr & Ward 2002, Davey et al. 2008).  
Despite nutrient limitation and low production rates, these systems make a major 
contribution to global OM production and export (Michaels et al. 1996, Emerson et al. 
1997, Emerson et al. 2008).  An external supply of N (e.g., biological N2-fixation) is 
required to balance N export processes (e.g., sinking organic matter) and sustain oceanic 
food webs in these N-limited ecosystems (Dugdale & Goering 1967, Eppley & Peterson 
1979).  Thus, external N inputs to N-depleted areas directly influence food web 
processes, which, in turn, influence C movement into and through the world’s oceans.   
 N2-fixing organisms (diazotrophs) provide a source of N for oceanic food webs, 
but the extent of their contribution to higher trophic levels in the oceanic food web 
remains largely unknown (LaRoche & Breitbarth 2005, Mulholland 2007).  Identifying 
the relative contribution of N sources supporting biological communities is an important 
first step in elucidating both food web structure and function in N-depleted ecosystems.  
Food web processes also play a central role in the vertical flux of OM in marine systems 
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(e.g., mesozooplankton fecal pellet egestion) (Morales 1999, Frangoulis et al. 2005), and 
may play a larger role in transporting diazotroph C and N out of the mixed layer.  Thus, 
quantifying diazotroph N incorporation into, and movement through various organic 
pools (e.g., particles and mesozooplankton) provides insight into the role diazotrophs 
play in influencing the ocean’s productivity and its capacity to remove CO2 from the 
atmosphere (Michaels et al. 1996, Raven & Falkowski 1999, Capone 2001, Karl et al. 
2002, Lipschultz et al. 2002). 
1.2 The oceanic carbon cycle: Interacting pumps and long-term carbon storage 
 The oceanic carbon cycle is a dynamic system where physical, chemical and 
biological processes play a critical role in the movement and redistribution of carbon 
throughout the oceans (Honjo 1996, Battle et al. 2000, Falkowski et al. 2000).  Recently, 
much attention has been paid to the global carbon cycle because of the widely accepted 
correlation between atmospheric CO2 concentrations and global temperature (Battle et al. 
2000, Falkowski et al. 2000).  The ocean represents one of the largest carbon reservoir on 
earth, containing roughly 38,000 GtC (IPCC 2001, 2007). Atmospheric CO2 initially 
dissolves into the ocean and hydrates to form the diprotic acid, carbonic acid (H2CO3).  
H2CO3 is then dissociated into bicarbonate (HCO3-) and carbonate ions (CO32-) as a 
function of pH.  Both the high solubility of CO2 and the aforementioned dissociation of 
ions allow the ocean to hold almost 50 times more carbon than what is found in the 
atmosphere (Figure 1.1). The movement of CO2 in and out of the oceans depends on the 
interactions between the solubility, carbonate and biological pumps.  The latter two 
processes play a more substantial role in long-term (i.e., hundreds of thousands of years) 
carbon sequestration relative to the solubility pump (i.e., ~1500 years) since they 
ultimately inject atmospheric C into permanent storage (i.e., the rock cycle) via delivery 
of particulate inorganic carbon (PIC) and particulate organic carbon (POC) into deep-sea 
sediments.  This distinction has stimulated interest in understanding the functioning and 
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efficiency of the biological and alkalinity pumps in sequestering anthropogenic 
atmospheric CO2 (Sabine et al. 2004, Peng 2005). 
 The biological pump is the movement of biologically produced particulate organic 
matter (POM) out of the surface oceans and into the deep-sea (Figure 1.1).  Specifically, 
autotrophic phytoplankton and bacteria fix dissolved inorganic carbon (CO2) into organic 
matter, which then sinks out of the euphotic zone and into deeper waters, post-mortem.  
Sinking POM is exposed to heterotrophic organisms while in transit, and only ~0.6% of 
OM fixed at the surface actually settles to the sea floor.  Despite its small magnitude, the 
export of POM into the interior of the ocean via the biological pump represents a major 
sink for carbon over long timescales, and is one of the only biologically-driven 
mechanisms for long-term carbon burial in the sea. 
 The carbonate pump can also provide a long-term sink for biologically produced 
inorganic carbon (e.g., CaCO3), but typically opposes the biological pump in regulating 
the net movement of CO2 into and out of the ocean.  While the biological pump depletes 
surface waters of dissolved CO2, the carbonate pump increases oceanic pCO2 due to the 
overall release of CO2 during calcification by certain phytoplankters (e.g., 
coccolithophorids) and zooplankton (e.g., pteropods), which removes alkalinity from 
solution: 
   (1.1) 
 
The efficiency of the biological pump relative to the carbonate pump is reflected in the 
rain ratio, which is the POM:PIC ratio of sinking particles out of the euphotic zone and 
into the deep sea (Sarmiento et al. 2002).  Despite the usefulness of this ratio in 
determining net movement of CO2 into and out of the oceans, it has been difficult to 
estimate an appropriate global ‘rain ratio’ through both observation-based estimates due 
to insufficient information concerning the processes influencing respiration of POM in 
the deep ocean (Honjo 1996, Fujii et al. 2005).
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Figure 1.1   Schematic representing a simplified version of the biological pump. 
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 The biological pump is affected by the rate of carbon fixation in surface waters, 
the amount of surface production exiting the euphotic zone, and the remineralization 
and/or transformation of POM both throughout the water column and in deep-sea 
sediments. Global oceanic carbon fixation rates have been estimated to be ~380 mg-C m-2 
day-1, or ~45-50 Gt-C per year (Longhurst et al. 1995, Honda 2003, Carr et al. 2006), and 
are generally limited by the availability of light and nutrients within the euphotic zone.  
Seasonal changes in insolation have a strong effect on the depth of light penetration 
within the water column, though biological factors also affect light penetration (e.g., 
particle absorption and or scattering) and availability.  Nutrient distributions within the 
euphotic zone are often much more spatially and temporally variable, and are influenced 
by physical, chemical and biological processes.   
 Areas where canonically limiting nutrients (NO3-, PO43-) are plentiful often 
support the greatest C production per unit area (e.g., upwelling zones), though 
micronutrients (e.g., iron) can sometimes limit primary production in such areas (e.g., 
high nutrient, low chlorophyll zones).   Conversely, the euphotic zone is consistently 
oligotrophic (i.e., low nutrient) within oceanic gyres, and generally exhibits low areal 
production rates due to limiting nutrients for phytoplankton growth (Louanchi & Najjar 
2000).  Although areal production rates are often low in oligotrophic areas, these zones 
are especially important in global C production because of their large surface area (>70% 
of global oceanic surface area) (Poulton et al. 2006).  Ultimately, to estimate the ocean’s 
capacity to fix C, it is crucial to estimate the relative magnitudes of mechanisms that 
introduce nutrients (generally N) that limit production into the euphotic zone of oceanic 
gyres (Falkowski et al. 1998, Falkowski et al. 2000, Houghton 2007).   
1.3 Supply-Side of the oceanic nitrogen cycle: N from above and below  
 Nitrogen (N) availability limits primary production over vast areas of the world’s 
oceans, especially in the oligotrophic subtropical/tropical areas (Ryther & Dunstan 1971, 
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Graziano et al. 1996, Moore et al. 2008).  Geographically, oligotrophic oceanic gyres 
represent over 70% of the ocean’s surface area, and despite low production rates per unit 
area, contribute significantly to global oceanic primary production.  Deep wintertime 
mixing occurs in these zones, driving the mixed layer to ~400m, and minimizing surface 
production.  As Spring approaches, greater insolation input, lower wind speeds (shallow 
mixed layer depth), and abundant surface nutrients typically produce a bloom of 
phytoplankton within the euphotic zone.  The mixed layer is thermally stratified through 
the summer months, where export of biologically produced OM out of the euphotic zone 
leads to strong nutrient depletion in the euphotic zone.  Regenerated N, or inorganic N 
that has been recycled through various biological pools in the upper ocean (e.g., NH4+ 
released through decomposition of OM), can support primary production, but new N 
inputs are required to sustain primary production due to N losses from surface waters 
(i.e., sinking particles) (Dugdale & Goering 1967, Dugdale 1986).  New N is defined as 
any allochthonous input of N to the mixed layer, and typically originates from three main 
sources: deep nitrate (NO3-), wet and dry surface deposition, and biological N2-fixation.  
Rivers also represent a major source of N (and P) to oceans, but may only impact coastal 
zones over biological timescales.   
 Ratios of NO3- uptake to total N (NO3- + NH4+) produce the “f-ratio” which has 
been used to estimate the relative proportion of new production within the euphotic zone.  
Since the upper oceans are assumed to be at steady state on a timescale of years, the input 
of new N is linked to export of N from the upper ocean (Eppley & Peterson 1979).    
Although the f-ratio has been shown to be a convenient way to measure new production, 
other biological processes may confound accurate f-ratio measurements (e.g., euphotic 
zone nitrification).  Nitrification has received attention as a potential source of recycled N 
(Yool et al. 2007) within the euphotic zone that may produce overestimates of new 
production based on NO3- and NH4+ uptake ratios (i.e.., f-ratio).  However, it is still 
unclear how extensive nitrification is within the euphotic zone, globally, and if it is a 
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considerable source of NO3- to surface waters, given its light sensitivity.  Thus, 
nitrification is generally thought only to be an important component of deep ocean nitrate 
production. 
1.4 New N in the North Atlantic 
 The North Atlantic plays a crucial role in global C and N dynamics, especially in 
terms of the sequestration of anthropogenically introduced C (Peng 2005) and is  the most 
extensively sampled of the ocean basins. Diapycnal mixing was initially thought to be the 
primary mechanism for new N inputs, but early estimates of diapycnal diffusivities (KZ = 
0.11-0.37 cm2 s-1) through broad-scale tracer experiments (sulfur hexafluoride - SF6) 
suggested low new N vertical flux into the mixed layer (Lewis et al. 1986, Ledwell et al. 
1993, 1998).  Higher estimates of diapycnal diffusivity constants (KZ = 0.4-1.95 cm2 s-1) 
at higher latitudes within the North Atlantic suggest spatial variation in the magnitude of 
vertical nitrate flux rates into the euphotic zone, but still may not be applicable to N flux 
at lower latitudes (<30°N) (Oschlies 2002b, Capone et al. 2005).   
 Mesoscale eddies have also received attention in their ability to promote primary 
production through facilitating inputs of deep NO3- into the euphotic zone (Mittelstaedt 
1987, McGillicuddy & Robinson 1997, Oschlies 2002a, McGillicuddy et al. 2003).  
Mesoscale eddies are large features (100-250 km in diameter) that frequently occur in the 
North Atlantic Ocean basin, and influence biogeochemical cycling in the upper ocean 
(McGillicuddy & Robinson 1997, Martin & Pondaven 2003, McGillicuddy et al. 2003, 
Benitez-Nelson & McGillicuddy 2008).  At least three types of eddies (cyclonic, 
anticyclonic, and mode-water eddies) roam the waters of the subtropical North Atlantic 
and influence the local vertical structure of the water column. Cyclonic eddies exhibit 
cooler internal temperatures because of considerable upwelling of deeper, nutrient-rich 
water, and anti-cyclonic eddies, which incur the opposite pattern by driving downwelling 
of surface waters, exhibit warmer cores.  Mode-water eddies are identified by doming 
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seasonal isopycnals and depressed main isopycnals, but produce net upwelling into the 
euphotic zone.  Mesoscale eddies are not homogeneously distributed within the North 
Atlantic basin, and occur most frequently in the northwestern portion of the basin, often 
originating from the Gulf Stream and traveling inwards into the gyre.  The intensity of 
mesoscale eddies are also greatest in this zone, producing a basin wide difference in eddy 
influence between the eastern and western North Atlantic (Mourino-Carballido & Neuer 
2008).     
 N deposition can originate from dry sources, generally originating from aerosols, 
inorganic N species (e.g., HNO3) and dust, deposited downstream of the Sahara Desert 
(Jickells 1999, Mahowald et al. 2005, Baker et al. 2007), and wet sources (e.g., NO3-, 
NH4+) that are deposited through precipitation over ocean basins.  “Wet” sources of 
deposited N include NH3 and NO3 species that are predominantly generated from both 
lightning strikes (Shepon et al. 2007), and aerosols emitted as a byproduct of biomass 
burning (Baker et al. 2003, Baker et al. 2006, Baker et al. 2007). Anthropogenically-
induced N deposition rates have also increased globally since the mid-1800s and 
represent another potentially important source of N to the North Atlantic (Vitousek et al. 
2002a, Vitousek et al. 2002b, Duce et al. 2008, Galloway et al. 2008).  Although 
originally thought to be a minor contribution of N to the oceans (Prospero et al. 1996), 
recent estimates of global rates of N deposition (both dry and wet) suggest that 
anthropogenic N inputs to oceanic systems contribute up to ~67 Tg N, or ~3% of total 
new production annually (Duce et al. 2008).  These estimates represent a considerable 
fraction of new N inputs, but are spatially and temporally variable across ocean basins.  
For example, precipitation is not uniform across the North Atlantic basin, where the 
highest and most stable inputs occur in northwestern regions heavily influenced by the 
Gulf Stream (annual oceanic precipitation data sets: TRMM/GIOVANNI).  Generally, 
the low annual precipitation across most of the gyre minimizes the impact of N 
deposition from upstream sources (e.g., biomass burning from contiguous US).  Also, 
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dust source location, transport mechanisms (e.g., atmospheric conditions), and 
simultaneous deposition of other limiting elements (e.g., iron) may alter the effects of N 
deposition on phytoplankton production and community structure (Jickells 1999, Sarthou 
et al. 2003, Mahowald et al. 2005).  Deposition of heterogeneous mixtures composed of 
limiting nutrients for both non-N2-fixing phytoplankton (e.g., N) and diazotrophs (e.g., P, 
Fe, Mo) may shift community structure across the basin (Mills et al. 2004, Baker et al. 
2007).   
 N2-fixation plays a major role in supporting primary production in many 
oligotrophic ocean basins (Karl et al. 1997, Karl et al. 2002, Montoya et al. 2002, 
Galloway et al. 2004, Montoya et al. 2004, Capone et al. 2005, Mahaffey et al. 2005, Karl 
& Letelier 2008).  Global pelagic N2-fixation has been estimated by extrapolation of 
shipboard N2-fixation rate estimates, many of which were made in the North Atlantic 
(Capone et al. 1997, Capone et al. 2005).  Other geochemically-based estimates have also 
been employed to estimate global N2-fixation (Gruber & Sarmiento 1997, Mahaffey et al. 
2003, Deutsch et al. 2007).  For example, Gruber and Sarmiento (1997) formulated a 
proxy (N*) for net N-input or loss based on departures in nutrient ratios (NO3- and PO43-) 
from Redfield stoichiometry.  N* distributions provide a qualitative and quantitative tool 
to assess the interaction between N2-fixation and denitrification on a global scale (Figure 
1.2). Current estimates of global N2-fixation rates are around 100-150 Tg N yr-1, but may 
increase with more improved sampling techniques and/or more complete N2-fixation rate 
estimates of newly discovered oceanic diazotrophs (e.g., unicellular diazotrophs) and 
diazotroph/diatom association (e.g., Richelia/Hemiaulus). 
1.5 Patterns of diazotroph abundance and influence on N cycling 
 The best known oceanic diazotrophs belong to the genus Trichodesmium, and are 
non-heterocystous cyanobacteria that form dense blooms, have a broad subtropical and 
tropical distribution, and can be easily collected and manipulated experimentally.  New  
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satellite approaches have been developed to track the occurrence of Trichodesmium 
blooms globally, and estimate their impact on N cycling (Subramaniam et al. 2002, 
Westberry et al. 2005, Westberry & Siegel 2006).  Trichodesmium spp. are estimated to 
contribute from 60 to 80 TgN yr-1, based on extrapolation of direct rate measurements 
(Capone et al. 1997, Capone et al. 2005, Mahaffey et al. 2005).  These rates only account 
for 40 to 59% of geochemically derived N2-fixation for the North Atlantic and Pacific 
oceans (Mahaffey et al. 2005), but other oceanic N2 fixing organisms (e.g., Richelia 
intracellularis, unicellular diazotrophs) may contribute significantly to these geochemical 
estimates.  For example, observed N2-fixation rates and geographical distributions for R. 
intracellularis, an endosymbiotic diazotroph typically associated with diatoms, suggest 
that these symbiotic associations can produce N inputs as great as, or greater than, 
Trichodesmium in the marine environment (Carpenter et al. 1999).  New molecular tools 
also have revealed a diverse array of unicellular organisms (Zehr et al. 2000, Falcon et al. 
2002, Zehr & Ward 2002, Falcon et al. 2004a, Falcon et al. 2004b, Zehr et al. 2007) that 
may contribute greatly to new N supply in the upper ocean (Montoya et al. 2004).   
 Few N2-fixation rates measurements exist for these diazotrophs, but Montoya et 
al. (2004) found that these unicellular diazotrophs can fix large amounts of N (~4 mmol 
N m-2 d-1 in the Arafura Sea; 0.5 mmol N m-2 d-1 in the Eastern North Pacific gyre) and 
may contribute up to 10% of global N2-fixation.  Even though these rate measurements 
represent snapshots in time, gathering more rate measurements over a larger geographical 
range will allow us to gain a better sense for the impact of unicellular diazotrophs on 
present global N2-fixation rate estimates, and provide a more accurate picture of the 
current marine N budget.  There is also a need to focus future experiments towards 
identifying the proximal factors that influence N2-fixation rates by unicellular 
diazotrophs, as well as determine the mechanisms by which new N travels into higher 
trophic levels.   
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 Diazotrophs can greatly contribute to primary production rates, and at times, form 
large blooms in the subtropical/tropical oceans.  Trichodesmium is circumglobally 
distributed in the subtropics and tropics (Letelier & Karl 1996, Capone et al. 1997, Karl 
et al. 1997, Letelier & Karl 1998, Zehr et al. 2000, Subramaniam et al. 2002, Capone et 
al. 2005, Westberry & Siegel 2006), and blooms of Trichodesmium can cover large areas 
(up to 2 * 106 km2 – Arabian Sea) (Capone et al. 1998) and fix large quantities of both N 
and C (Letelier & Karl 1996, Capone et al. 1997, Letelier & Karl 1998, Carpenter et al. 
2004, Capone et al. 2005).  Trichodesmium blooms are generally short (i.e., several 
weeks) and spatially patchy, but can dominate C-fixation and flux where they occur.  
Other diazotrophs that live symbiotically with diatoms (e.g., Richelia/Hemiaulus 
diazotroph/diatom assemblages – DDAs) also form blooms that can enhance production 
within the water column (Carpenter et al. 1999, Subramaniam et al. 2008).  Unicellular 
diazotrophs have the potential to affect N input in oligotrophic areas (Falcon et al. 2004a, 
Montoya et al. 2004), however, the broad-scale contribution of these diazotrophs to both 
C- and N-fixation in the world’s oceans have yet to be determined.  Diazotrophs can also 
stimulate primary production of other phytoplankton through release of newly fixed NH4+ 
and DON (Mulholland et al. 2004, Mulholland et al. 2006) and/or through microbial 
and/or metazoan degradation.  Thus, diazotrophs may also indirectly increase C and N 
export by stimulating production of other phytoplankton that subsequently die, or are 
consumed and exported out of the surface ocean.  Although diazotroph blooms can 
enhance primary productivity in certain regions, few studies document export of 
diazotrophs into deeper water as collected by shallow (<500m) sediment traps (Karl et al. 
1997, Voss et al. 2001).  Thus, although diazotrophs like can drive CO2 uptake in surface 
waters, the quantity of diazotroph POM exported out of the mixed layer remains largely 
unknown.     
 Biological N2-fixation plays a prominent role in global biogeochemical cycling, 
but we are limited in our knowledge of the mechanisms and the extent by which new N 
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enters and supports both primary (i.e., non-diazotroph phytoplankton) and secondary 
production in oceanic food webs.  Although much attention has been paid to N release by 
Trichodesmium (Mulholland et al. 2004, Mulholland et al. 2006, Mulholland 2007), the 
extent to which diazotrophs release biologically usable N into surface waters and how 
much non-diazotrophic primary production can be attributed to this new N remain 
unclear.  Also, few studies have traced the movement of new N into higher trophic levels, 
such as zooplankton communities (Montoya et al. 2002, McClelland et al. 2003, Holl et 
al. 2007).  Understanding the extent to which diazotroph N supports both primary and 
secondary production is paramount to elucidating the function of oceanic food webs in 
areas where diazotrophs often dominate N inputs.   
1.6 Input of diazotroph N to oceanic food webs: 
  Leaky cells and hungry zooplankton? 
 Diazotrophs can support primary production by other phytoplankton through 
release of newly fixed N.  N2-fixation is an energetically expensive process, requiring up 
to 16 ATP to reduce N2 to NH4+ (LaRoche & Breitbarth 2005), so any such losses of 
fixed N are costly to the diazotroph and could promote the growth of competitors.  
Nonetheless, several studies have documented significant N release by Trichodesmium 
sp. (Mulholland et al. 2004, Mulholland et al. 2006)  For example, Mulholland et al. 
(2004) found increasing NH4+, DON (e.g., amino acids), and dissolved free amino acids 
(DFAA) in culture media taken from batch cultures of Trichodesmium grown in N-free 
medium.  Comparisons of gross and net rates of N2-fixation by field collected and 
laboratory cultures of Trichodesmium also suggest significant release of fixed N 
(Mulholland et al. 2006, Mulholland 2007).  The low δ15N of suspended particles 
(Montoya et al. 2002, Holl et al. 2007, Reynolds et al. 2007) in regions with significant 
Trichodesmium populations also suggests that newly fixed N is passed from 
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Trichodesmium to other primary producers, though the mechanisms and pathways are not 
well understood. 
 Newly fixed N can move into higher trophic levels by direct ingestion and 
assimilation of diazotrophs or other phytoplankton that grow on diazotrophically fixed N.  
To date, efforts to quantify the movement of newly fixed N into food webs have largely 
focused on trophic relationships between Trichodesmium and only a few copepod species 
(e.g., Miracia sp., Oculosetella sp., Macrosetella sp., and Microsetella sp.).  A 
harpactacoid copepod, (Macrosetella gracilis) is known to use Trichodesmium as both a 
physical and nutritional substrate (Oneil et al. 1996, O'Neil 1998), but very few other 
zooplankton have been observed to consume Trichodesmium.  Although some 
zooplankton can consume and live on Trichodesmium, these zooplankton do not always 
appear to consume Trichodesmium in nature.  For example, Eberl and Carpenter (2007) 
present stable isotope data that suggest that Macrosetella gracilis do not always 
exclusively consume Trichodesmium, but may only use colonies as habitat for 
reproduction while consuming other Trichodesmium-associated microorganisms.  Other 
studies have also observed sparse adult zooplankton colonization of Trichodesmium 
colonies in field-collected colonies, and suggest that the metazoan microcommunity of 
Trichodesmium colonies might predominantly include larval stages (e.g., nauplii) 
(Sheridan et al. 2002).  Aside from these studies on zooplanktivorous consumption of 
Trichodesmium colonies, no studies to date have documented zooplankton consumption 
of unicellular diazotrophs, and these connections require more attention.  Although there 
is little consensus on the main mechanisms by which new N enters higher trophic levels, 
other studies have shown the contribution of diazotroph N into higher trophic levels 
(Montoya et al. 1992, McClelland & Montoya 2002, McClelland et al. 2003, Holl et al. 
2007).  Thus, new N seems to enter food webs and support secondary production, 
especially in oligotrophic subtropical and tropical waters.  Along with supporting both 
primary and secondary production, new production that is consumed and exported from 
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the surface oceans represents a crucial component for both sustaining deeper biological 
communities and also as a regulator for the global C cycle through the biological pump.  
1.7 Biological pump efficiency: POM export and remineralization  
 Only about a third (~10-16 Gt-C) of the POM produced in the euphotic zone 
actually sinks into deeper waters (Falkowski et al. 1998, Falkowski et al. 2000), while 
only 3 mg C m-2 day-1 or 0.34 Gt-C yr-1 of this sinking POM (~0.5-0.7%) reaches below 
2000m and settles on the sea floor (Lampitt and Antia, 1997) (Figure 1.3).  In order to 
measure sinking flux at various depths, sediment traps have typically been deployed to 
capture and preserve sinking POM as it travels through the water column.  Despite design 
disagreements, various forms of sediment traps have been used for collecting sinking 
POM since the 1970’s, and have provided critical insight into the fate of POM as it 
traverses the ocean depths. These devices collect sedimenting particles over various 
spatial and temporal scales, allowing characterization of the flux and composition of 
POM at various depths within the water column.  Biological productivity at the surface of 
the open ocean influences the flux of dissolved and particulate matter to the deep-sea, 
which decreases with depth (Deuser & Ross 1980, Deuser et al. 1981, Asper et al. 1992, 
Wefer & Fischer 1993, Deuser et al. 1995, Lampitt & Antia 1997, Boyd et al. 1999, 
Francois et al. 2002).  Nutrient abundance and flux in the euphotic zone (e.g., N, P, Fe, 
Si, sunlight, etc.) typically sets the upper limits for primary production rates, and thus 
directly affect the gross OM available for export (Deuser & Ross 1980, Deuser et al. 
1981, Altabet et al. 1991, Voss et al. 1996, Gruber & Sarmiento 1997, Altabet 2001).  In 
areas where nutrients are limiting, new sources of nutrients (e.g., nitrogen) control the 
export of POM from the euphotic zone (i.e., “new” versus “recycled” nutrients sensu 
(Dugdale & Goering 1967, Eppley & Peterson 1979).  Although the overall amount of 
POM available for export is an important boundary condition, heterotrophic 
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decomposition within the water column also influences the amount and composition of 
POM reaching the ocean floor.  
 Decreasing fluxes of POM with depth suggest that the world’s oceans not only 
support surface production of POM, but also act as huge heterotrophic digesters where 
planktonic organisms remineralize and/or repackage the sinking organic matter (OM) that 
is produced in the surface waters (Berelson 2002, del Giorgio & Duarte 2002, Francois et 
al. 2002, Andersson et al. 2004).  POM entering the mesopelagic layer is subject to rapid 
degradation via both macro and microbial heterotrophic organisms.  Roughly 95-99% of 
surface production becomes remineralized and recycled within the upper ~1000m of the 
ocean and can be returned to the atmosphere over short time scales (i.e., seasonal 
timescales).  Despite rapid remineralization of POM in the upper ocean, POM does in 
fact reach the sea floor where it is either remineralized or buried in sediments for long 
time periods (i.e., thousands of years).     
 Regional differences of biological pump efficiency are evident in data from long-
term field stations (e.g., BATS and ESTOC) (Neuer et al. 2002).  For example, Neuer and 
colleagues (2002) found a significantly lower e-ratio (i.e., Corg Flux:PP ratio) between the 
BATS (0.078) and ESTOC (0.016) sites from 1996-1998, highlighting observed contrasts 
in both overall productivity and export of POM between the western and eastern parts of 
the subtropical North Atlantic.  Furthermore, they hypothesized that considerable N2-
fixation in the western end of the basin could account for the differences in both overall 
production and vertical flux.  Latitudinal comparisons of biological pump efficiency have 
also been made between long-term sites that exhibit very different seasonal variability in 
physical and biological processes (Oligotrophic: ALOHA; Mesotrophic: K2).  Marked 
differences in overall primary production (2-3 times higher at K2) and OM export 
provide for interesting comparisons in the physical and biological mechanisms 
influencing the biological pump efficiency at these sites.  Higher e-ratios (50%) for 
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Figure 1.3 – Global oceanic sediment trap POC flux with depth (Lutz et al., 2002).  Data 
used in this graph originates from Suess (1980), Martin et al. (1987) and Lutz et al. 
(2002). Reprinted with permission from American Geophysical Union from: Lutz M., R. 
Dunbar, and K. Caldeira (2002), Regional variability in the vertical flux of particulate 
organic carbon in the ocean interior, Global Biogeochem. Cycles, 16 (3), 1037, 
doi:10.1029/2000GB001383. 
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 shallow flux (150 m) were found at the K2 site with respect to station ALOHA (20%), 
which was attributed to higher abundances, and Corg flux, of dense diatom populations at 
the K2 site.  Also, higher abundances of diel vertical migrating zooplankton at the K2 site 
facilitated flux through excreted fecal pellets, and through zooplankton mortality.  Given 
these results, Corg flux depends on the phytoplankton and zooplankton communities 
within the water column, and may be applicable to food web comparisons elsewhere, 
where different types of diazotrophs (diazotroph/diatom assemblages vs.  
Trichodesmium) dominate N inputs and flux out of the euphotic zone (Carpenter et al. 
1999, Montoya et al. 2002, Montoya et al. 2007, Subramaniam et al. 2008).  
1.8 POM sources and fate in the ocean: What causes observed vertical flux profiles? 
 POM sinking out of the euphotic zone can originate from direct sinking of 
senescent or dead phytoplankton cells (Gowing et al. 2001), marine snow (Alldredge et 
al. 1990), rapidly sinking forms such as aggregates of cells (Alldredge & Gotschalk 1988, 
Alldredge & Silver 1988) or fecal pellets (Urrere & Knauer 1981, Dagg et al. 1982, Small 
et al. 1983, Small et al. 1987, Turner 2002, Dagg et al. 2003, Suzuki et al. 2003, Thor et 
al. 2003). Of these sinking particles, fecal pellets have generally been viewed as the 
dominant form of sinking organic material in the water column, because they typically 
sink more rapidly than other particles in the ocean and they are often distinguishable (and 
quantifiable) components of POM collected from sediment traps.  
 Sinking POM is often heterogeneous, originating from different sources (i.e., 
fecal pellets, marine snow, algal cells, etc.), it is difficult to trace the origin and fate of 
that organic matter as it traverses the water column. Qualitative differences in sinking 
POM can provide insight into the dominant mechanisms influencing POM 
remineralization and/or repackaging in the water column.  For example, changes in 
specific lipid biomarkers in POM samples collected in sediment traps reflect both the 
source and diagenetic alteration of POM in the water column and in sediments 
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(Wakeham 1995, Wakeham et al. 1997, Wakeham et al. 2002).  NMR spectroscopy also 
provides information on the abundance of specific components of sinking POM (e.g., 
amino acids, carbohydrates and fats). For example, Hedges et al. (1999) used NMR 
spectra, to show that the chemical composition of sedimenting particles changed very 
little with depth in the Equatorial North Pacific, despite extensive overall 
remineralization of this sinking organic matter. Other studies, however, suggest that POM 
does not always show non-selective preservation.  Lee et al. (2001) compared the 
composition and concentrations of individual amino acids (AAs) of sinking POM and 
found that the molar ratios of AAs exhibited different behavior with depth.  In their 
analysis, they observed several AAs that were preferentially removed from POM while 
other AAs were preferentially incorporated/sequestered into POM.  They attributed these 
patterns to the differential utilization of AAs by microbes (e.g., bacteria) and macrofauna 
(e.g., deep-dwelling copepods).   
 Surface production and heterotrophic processes in the water column clearly 
influence particle flux, but the origin of sinking POM (euphotic zone versus marine 
snow) and the dominant mechanisms driving transformation of this POM (microbial 
versus macrofaunal) in the water column remain poorly understood.  Isotopic techniques 
can potentially provide more specific information about the origin of the POM and the 
processes influencing its degradation in the water column.    
1.9 Stable nitrogen isotope tracers 
1.9.1 In-situ tracers in the oceans  
 Isotopes, by definition, are atoms of an element with the same number of protons, 
but different numbers of neutrons, and thus different masses.  Nitrogen has two stable 
isotopes (14N and 15N) in the natural environment, where 14N is more abundant (99.634% 
by atoms) than 15N.  Despite their large difference in natural abundance, the relative 
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proportions of both nitrogen isotopes can be measured and compared among various 
inorganic and organic pools.  Since measuring absolute concentrations of these isotopes 
is difficult, isotopic ratios are measured and expressed as per mil (‰) deviations from the 
isotope ratio in a known standard (Tropospheric N2) using the delta convention: 
 
   
(1.2)
 
where R = 15N /14N.   
 Stable isotopes of biologically active elements (i.e., N, C, O, H, and S) provide a 
powerful tool for studying biogeochemical cycles, as well as the structure and dynamics 
of ecological communities.  Stable isotopes are especially useful in ecosystem level 
studies, since mass-dependent discrimination between isotopes provides information on 
the biological transformations of elements within food webs.  For example, isotopic 
fractionation occurs during biochemical reactions associated with the uptake of nutrients 
(e.g., NO3-) by phytoplankton within the water column since covalent bonds associated 
with lighter isotopes are more reactive than bonds associated with heavier isotopes 
(Montoya & McCarthy 1995). 
 Stable isotope analysis of higher organisms also yields information concerning the 
movement of those nutrients through food webs.  For example, DeNiro and Epstein 
(1981) determined that organisms generally show little isotopic fractionation of C 
isotopes through consumption and metabolism, while organisms generally retain more 
15N relative to their diets.  Given these observations, many studies have used stable 
isotope ratios from bulk biological material to link consumers within food webs (Peterson 
& Fry 1987, Peterson 1999, Post 2002), to trace movements of nutrients between 
different habitats (Voss et al. 1996, Altabet 2001), to follow animal migrations (Hansson 
et al. 1997, Cerling et al. 2006), as well as to assess the physiological condition of 
animals (Hobson et al. 1993, Gannes et al. 1997, Adams & Sterner 2000).  Studies have 
mainly focused on using natural abundance of stable isotopes ratios of certain organisms 
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and/or trophic positions in order to trace the flow of energy and nutrients within 
ecosystems.  For example, Peterson et al. (1986) used the natural distributions of N and C 
isotopes in plant and animal communities to reconstruct a Georgia (USA) salt marsh food 
web (Figure 1.4).  
 Given isotopically distinct sources, an isotope mass balance approach can be used 
to quantify the relative contribution of C and/or N sources to primary and secondary 
production (Montoya et al. 2002, Sommer et al. 2006, Reynolds et al. 2007).  Isotopic 
mass balance models are most accurate when few distinct baseline isotopic end-members 
exist (N isotopes can resolve N + 1 distinct sources) within the system and when the 
important isotopic fractionation factors are known.  The biochemical complexity of 
organisms can make interpreting stable isotope distributions difficult.   
 N exhibits a wide range of oxidation states in food webs, driven primarily by 
biological processes (Figure 1.5).  Enzymatic reactions often produce kinetic isotope 
fractionations that alter the δ15N within and between both inorganic and organic N pools 
(Table 1.1).  For example, kinetic fractionation can occur as N moves between various 
inorganic and organic pools of N, such as fractionation associated with DIN uptake 
(Montoya & McCarthy 1995, Needoba et al. 2003, Needoba et al. 2004), zooplankton 
consumption (Checkley & Entzeroth 1985, Checkley & Miller 1989), and microbial 
decomposition of OM (Macko & Estep 1984, Macaulay et al. 1995). Thus, isotope mass 
balance model also requires an understanding the kinetic fractionations driving shifts in 
the relative abundance of 15N between multiple pools. Despite the dynamic nature of N in 
marine systems, N stable isotopes can be used to trace the origin and transformation of N 
in the water column of oligotrophic areas, where the sources of N are well delineated.  In 
tropical and subtropical regions of oceanic gyres, thermal stratification during the 
summertime reduces vertical nutrient exchange.  Nutrients inputs via eddy diffusion and 
mixing providing a source of new N available to support production in the upper ocean. 
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Figure 1.4 - δ15N and δ13C (‰) of food sources in a salt marsh food web 
off the eastern coast of the United States.  From Peterson et al. (1986).  
Reprinted with permission from AAAS. 
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Deep NO3- injected into the surface waters may contribute significantly to upper ocean 
productivity, but this input is spatially and temporally variable in the North Atlantic 
(Lewis et al. 1986, Ledwell et al. 1993, Capone et al. 2005).  Biological N2-fixation is 
often a dominant input of new N to the euphotic zone of the North Atlantic (Capone 
2001, Lipschultz et al. 2002, Zehr & Ward 2002, Montoya et al. 2004, Capone et al. 
2005, Mahaffey et al. 2005, Montoya et al. 2007), but the impact of diazotroph N on 
higher trophic levels deserves more attention.   
 N2-fixation rates are generally measured in short shipboard incubations at stations 
along a cruise track, making it difficult to scale up these rates to a basin scale. The 
distribution of nitrogen stable isotopes in organic pools of N can provide a longer time- 
and space-integrated measure of new N inputs via diazotrophic activity. In the central 
North Atlantic gyre, the two major sources of new N are isotopically distinct:  deep 
δ15NO3- values range from 4.5 to 6‰ while PON produced by biological N2-fixation 
ranges from δ15NPOM = -2 to 0‰ (Montoya et al. 2002).  This isotopic contrast allows us 
to quantify the relative importance of biological versus physical supply of N to both 
primary and secondary production in the surface oceans (Montoya et al. 2002, Mahaffey 
et al. 2003, Holl et al. 2007, Reynolds et al. 2007) (Figure 1.6).  For example, Montoya et 
al. (2002) found that diazotrophs can contribute up to 100% and 50% of the N used by 
phytoplankton and zooplankton, respectively, in the mixed layer of the North Atlantic.  
Similarly, Reynolds et al. (2007) found that diazotrophs contributed significantly to 
phytoplankton biomass in the North Atlantic, but their data also showed an interesting 
decline in diazotroph N contribution with increasing latitude northward, at least in the 
Central North Atlantic.  Several other studies have documented low δ15N values of 
zooplankton biomass in regions with significant N2-fixation, suggesting that zooplankton 
derive a sizeable portion of their N from diazotrophs.   
 Given that zooplankton (and presumably higher consumers) consume and 
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Figure 1.5 - Nitrogen oxidation states present in the world’s ocean and the biological 
processes that drive their distributions.  Red text marks processes that remove 
biologically active available N from the ocean and green text marks processes that add 
biologically available N to the ocean.  Figure adapted from (Montoya 2008). 
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incorporate N that is derived from diazotrophs, it is also important to consider their 
contribution to the export of new production from the upper ocean, particularly since  
zooplankton play a critical role in mediating N export from the upper ocean to depth 
(Urrere & Knauer 1981, Lampitt et al. 1990, Lampitt & Antia 1997, Lee 2002).  We can 
further use stable isotope ratios to trace the movement and processing of POM flux out of 
the surface ocean, through the deep ocean and eventually into deep-sea sediments.  
 Vertical profiles of δ15N and δ13C of suspended, sinking and sediment POM have 
been used to address several questions concerning POM transport and transformation 
within the water column and in deep-sea sediments: (1) What are the origins of POM 
(vertical v. lateral advection); (2) How do surface nutrient conditions affect the flux of 
POM exiting the euphotic zone; (3) What processes and organisms dominate 
remineralization of POM within the water column; (4) What is the trophic structure of the 
deep sea, where sinking OM generally represents the base of the food chain; (5) Does 
information extracted from sediment cores provide an accurate account of past climates 
and elemental inventories? (Altabet et al. 1991, Altabet & Francois 1994, Voss et al. 
1996, Nakatsuka et al. 1997, Wu et al. 1999a, Altabet 2001, Freudenthal et al. 2001, 
Altabet et al. 2002, Lourey et al. 2003, Lourey et al. 2004, Gaye-Haake et al. 2005).  
Stable isotopic analysis of POM has been quite useful in addressing the questions above, 
but observed vertical trends in δ15N of POM have produced somewhat ambiguous results.   
 Many studies have documented an enrichment of δ15N of the POM exposed to 
decomposition in the water column (Saino & Hattori 1987, Altabet et al. 1991, Wu et al. 
1999a), however, other studies reveal a decrease in δ15N values of POM with depth.  The 
variation in δ15N is related to the type of particles found (i.e., suspended v. sinking), their 
exposure time to heterotrophic decomposition and the removal or addition of nitrogenous 
components (e.g., proteins, amino acids, nucleic acids) depleted or enriched in 
15N(Altabet et al. 1991, Voss et al. 1996, Nakatsuka et al. 1997).  For example, Altabet et  
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Figure 1.6 – Schematic of the distributions of nitrogen isotopes in particles and 
mesozooplankton in a typical oceanic food web under strong diazotrophy in the mixed 
layer.  Notice the community-level shift towards lower δ15N values than if deep NO3- 
were the dominant N source supporting these communities. Adapted from (Montoya 
et al. 2002). 
. 
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al. (1991) found that suspended particles exhibited higher δ15N values than that of sinking 
particles in POM collected from the OFP-site near Bermuda (Figure 1.7).  They 
concluded that the observed divergent δ15N patterns of the two types of particles suggest 
that sinking particles are subjected to biological remineralization and/or repackaging 
processes different from those acting on suspended particles (Altabet et al. 1991).  
However, in this example, as well as other studies revealing similar patterns (cited 
above), bulk δ15N values limit our ability to determine the source of the POM while also 
limiting our ability to distinguish between specific biological processes influencing the 
transformation of particles in the ocean.  The use of compound-specific (eg., AAs) 
isotopic composition of POM will reduce the limitations of bulk isotopic values in 
determining the source and fate of POM traversing the water column. 
1.9.2 Compound specific isotopic analysis 
 Stable isotope ratios of whole organisms or tissues have been used to trace the 
flow of biologically essential elements between different pools and determine trophic 
relationships between organisms in food webs.  Nitrogen isotopic ratios and their changes 
relative to food web processes can be extremely useful in tracing sinking organic matter 
in the ocean. δ15N values are known to increase by roughly 3.4‰ with each trophic 
transfer, and thus can be useful in determining the trophic position of organisms within a 
community (Deniro & Epstein 1981, Minagawa & Wada 1984).   This information can be 
used to determine the food sources of organisms within the water column, as well as the 
fate of that material after digestion and excretion (i.e., fecal pellets).  Although stable 
isotope ratios of bulk samples have been helpful in ecosystem studies, they are limited in 
their ability to reveal multiple food sources of consumers (i.e., there are often more food 
sources than available isotope ratios) as well as the biochemical and/or physiological 
underpinnings of the observed stable isotopic ratios (Gannes et al. 1997, McClelland & 
Montoya 2002). 
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Figure 1.7 - Mean δ15N (±1 S.D.) of both suspended and sinking particles 
collected from filtered water samples and sediment traps, respectively, at the 
OFP site off of Bermuda.  Reprinted with permission from Macmillan Publishers 
Ltd: Nature, (Altabet et al. 1991). 
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 To avoid these constraints, recent work has focused on analyzing the isotopic 
composition of specific compounds isolated from bulk tissues (e.g., lipids and AAs) in 
order to provide information about the source of energy and nutrients to these organisms 
(Hare et al. 1991, Fantle et al. 1999, McClelland & Montoya 2002, McCarthy et al. 2003, 
McCarthy et al. 2004, McCarthy et al. 2007).  The distribution of nitrogen isotopes 
among individual AAs in an organism provide detailed information on its trophic position 
as well as the sources of N supporting the primary producers at the base of the food web.  
Specifically, Montoya and McClelland (2002) have shown that certain AAs (e.g., 
phenylalanine) do not change in δ15N between trophic levels, while other AAs (e.g., 
glutamic acid) show large δ15N changes between trophic levels.  This information 
allowed them to quantify the number of trophic transfers within the food web by simply 
subtracting the δ15N values of glutamic acid and phenylalanine (δ15Nglu - δ15Nphen) 
(McClelland & Montoya 2002, McClelland et al. 2003).   
 McCarthy et al. (2007) used a similar approach to characterize the trophic 
structure of organic matter in the equatorial Pacific Ocean.  They used vertical patterns in 
the δ15N of individual AAs to provide information on the processing and degradation of 
sinking POM in the water column.  McCarthy et al. (2007) extended the trophic measure 
of McClelland and Montoya (2002) by using multiple AAs to quantify trophic shifts with 
depth in the water column.  By subtracting mean δ15N values of enriching AAs (e.g., 
glutamic acid, aspartic acid) from the mean δ15N values of non-enriching AAs (e.g., 
phenylalanine, threonine), they could determine the number of trophic transfers (via 
macrofaunal consumption) organic matter undergoes as it sinks through the water 
column.  Despite these promising results, the isotopic fractionations associated with both 
eukaryotic and prokaryotic heterotrophy (i.e., this dissertation) remain poorly quantified. 
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1.10 Research objectives  
1.10.1 Alteration of elemental and isotopic composition of OM: 
Microbial and metazoan processing 
 Understanding the isotopic fractionation associated with biological transformation 
of POM can help elucidate the origin of particles from the surface ocean (i.e., trophic 
level indicators) as well as the dominant repackaging/remineralizing mechanisms 
transforming sinking particles over various spatial and temporal scales.  My main 
research objectives are: 
1) Determine the alteration of elemental and isotopic composition of OM 
digested by crustaceans. 
2) Determine the temperature effects on the elemental and isotopic composition 
of OM exposed to microbial decomposition 
1.10.2 Basin-scale distribution of N isotopes  
 As previously stated, new N inputs into aquatic systems have been, and continue 
to be, quantified using several methods (acetylene reduction and 15N2 uptake).  However, 
fewer studies have directly addressed how and to what extent newly fixed N supports 
higher trophic levels in oceanic food webs.  In order to address this directly, I use the 
δ15N of both suspended particles and zooplankton collected along a cruise that spans the 
subtropical North Atlantic to characterize the food web and trace the movement of new N 
into those food webs. My main research objectives are: 
1) Analyze oceanic food web structure by using natural distributions of stable 
isotope ratios between various different organic pools that exist in the water 
column (namely suspended particles and zooplankton). 
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2) Determine the relative contribution of new N by N2-fixing organisms to 
secondary production, by examining both vertical and horizontal structure of 
zooplankton and particle stable isotope ratios. 
3) Assess the relative efficiency of N into zooplankton between diazotroph N 
and other N sources (e.g., deep NO3-). 
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CHAPTER 2 
TEMPERATURE EFFECTS ON CHANGES IN C:N RATIO, δ15N, 
AND δ13C OF DECOMPOSING ORGANIC MATTER  
2.1 Introduction 
 The biological pump plays a critical role in transporting organic matter downward 
in the world’s oceans (Falkowski et al. 1998, Battle et al. 2000, Falkowski et al. 2000, 
Hedges et al. 2001).  Understanding the origin and fate of organic matter is essential in 
determining the influence of marine biological processes on global atmospheric CO2 
concentrations (Honjo 1996, Lampitt & Antia 1997, Raven & Falkowski 1999, Falkowski 
et al. 2000) while also providing potential proxies for reconstructing past climates and 
biogeochemical inventories (Altabet & Francois 1994, Altabet et al. 1995, Altabet et al. 
1999a, Altabet et al. 2002, Ganeshram et al. 2002, Liu et al. 2005).  
 Sinking organic matter originates from many sources in the euphotic zone, 
including dead phytoplankton cells, marine snow, dead zooplankton, and fecal pellets 
(Turner 2002).  Particles are continually exposed to decomposition by heterotrophs while 
sinking through the water column (Lee et al. 1987, Lee & Fisher 1992, 1994, Azam 1998, 
Boyd & Newton 1999, Azam & Worden 2004, Frangoulis et al. 2005), leading to a 
decrease in mass flux with depth (Lampitt & Antia 1997, Boyd et al. 1999, Antia et al. 
2001, Lutz et al. 2002, Andersson et al. 2004). Most of the organic matter produced in the 
euphotic zone is rapidly remineralized by heterotrophic organisms, though rapidly-
sinking organic matter, including fecal pellets, zooplankton carcasses, and aggregates, 
may avoid complete decomposition within the water column and reach the seafloor 
(Deuser & Ross 1980, Deuser et al. 1981, Asper et al. 1992, Lampitt & Antia 1997, 
Hedges et al. 2001, Berelson 2002, Francois et al. 2002).  
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 Vertical profiles of the isotopic composition of both suspended and sinking 
particles can provide information on their origin and the diagenetic processes acting on 
them (Altabet et al. 1991, Altabet & Francois 1994, Voss et al. 1996, Nakatsuka et al. 
1997, Wu et al. 1999b, Altabet 2001, Freudenthal et al. 2001, Altabet et al. 2002, Lourey 
et al. 2003, Lourey et al. 2004, Gaye-Haake et al. 2005).  For example, Altabet et al. 
(1991) and Voss et al. (1996) used the isotopic composition of surface nitrate, suspended 
particles and sinking organic matter to trace the movement of N from surface waters into 
the deep sea.  Vertical trends of δ15N and δ13C in sediment cores can also be useful in 
reconstructing past climates and oceanic biogeochemical inventories (Altabet & Francois 
1994, Altabet et al. 1995, Altabet et al. 1999a, Altabet et al. 2002, Ganeshram et al. 2002, 
Liu et al. 2005).   However, accurately interpreting these robust patterns requires a clear 
understanding of the ways that biological processes (e.g., microbial decomposition) 
influence the isotopic composition of organic matter, which remains poorly understood.  
Thus, despite the potential use of δ15N and δ13C measurements to determine the origin 
and diagenesis of organic matter, it is essential to first determine how microbial 
degradation shapes the isotopic composition of OM. 
 Previous laboratory studies have assessed the impact of microbial processes on 
the isotopic composition of organic matter in both marine (Wada 1980, Zieman et al. 
1984, Macko et al. 1994), and fresh-water (Lehmann et al. 2002) environments.  
Decomposed OM is generally enriched in 15N, most likely as a result of deamination 
reactions, which have been shown to strongly discriminate against 15N in vitro (Macko et 
al. 1986, Bada et al. 1989).   However, all experiments to date have been performed at 
temperatures characteristic of surface waters in tropical and sub-tropical oceans (i.e., 19 -
25°C) rather than temperatures relevant to particles traversing the deep ocean (i.e., 2-
4°C).  Temperature differences can potentially affect the isotopic alteration of organic 
matter during decomposition, ultimately changing the δ15N and δ13C of organic matter 
collected in the water column and in sediments (Galimov 1981).  Here, we report on a set 
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of experiments designed to characterize isotopic alterations associated with microbial 
degradation of organic matter by incubating shrimp tissue in seawater at both 4°C and 
25°C.  
2.2 Materials and Methods 
 Decomposition assays were performed in 25-L polycarbonate containers held at 
constant temperature (4ºC and 25ºC) in environmental chambers at Georgia Institute of 
Technology.  The 25ºC assay ran from January 15, 2005 to February 19, 2005 and the 
4ºC assays ran from February 12, 2005 to May 20, 2005.  Twenty-five frozen whole 
white shrimp were used in the experiments.  Initially, whole shrimp were thawed and 
sliced in half (dorso-ventrally) to provide control and experimental samples. Control 
halves were immediately dried at 60°C and stored over desiccant until prepared for 
isotopic analysis. Experimental shrimp halves were placed in separate 50mL 
polyethylene Falcon™ tubes with holes and submerged in Instant Ocean® artificial 
seawater (ASW) (total volume: 18L) inoculated with 100mL of water collected from 
aquaria housing live shrimp (Palaemonetes sp.).  ASW salinity ranged from 18-25‰ 
throughout the experiment.  Conditioned ASW (CASW) used in the 4ºC assays was 
initially placed in the 4ºC environmental chamber for 3 days prior to experimentation in 
order to drop the water temperature before the experiment began.  Shrimp halves were 
then collected at various times throughout the duration of the experiment.  At each 
sampling, a minimum of three shrimp halves were haphazardly collected and removed 
from the CASW and immediately transferred to a 60ºC drying oven.  After drying, the 
experimental halves were ground and prepped for isotopic analysis in the same fashion as 
the control halves (Montoya et al. 2002).   
 All measurements were performed using a Micromass Optima mass spectrometer 
system interfaced to a Carlo-Erba NA2500 elemental analyzer for continuous-flow 
isotope-ratio mass spectrometry (CF-IRMS).  All isotope abundances are expressed in per 
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mil units (‰) and are calculated relative to either tropospheric N2 (δ15N) or Pee Dee 
Belemnite (δ13C) standards.  The analytical error associated with our bulk isotope 
measurements was typically ±0.15‰.   
 Each experimental sample was compared to its control tissue sample in order to 
minimize the impact of natural compositional and isotopic differences between individual 
shrimp.  All elemental and isotopic composition values are presented as the mean of the 
three samples ±1 standard deviation.  We calculated the change in C:N ratio (∆C:N = 
C:Ndecomposed-C:Ncontrol) to provide an index to the degree of decomposition during the 
experiment.  Q10 values were also calculated for both C and N decreases in both 
experiments: 
Q10 = (R2/R1)(10/T2-T1)  (2.1) 
where R1 and R2 represent the decomposition rate of either C or N, and T1 and T2 
represent experimental temperature of 4°C and 25°C, respectively. 
 All statistical comparisons were made with a full-factorial ANCOVA, with 
temperature (4°C or 25°C) as the fixed variable and ∆C:N ratio as the continuous 
covariate.  Since none of the interaction terms (e.g., Temperature * ∆C:N ratio) differed 
significantly (p > 0.05), these terms were removed and a reduced ANCOVA was used in 
analyzing our data. 
2.3 Results 
 Shrimp tissue C:N increased linearly with time regardless of temperature, and 
thus, decomposition rates (Figure 2.1; Tables 2.1 & 2.2).  Shrimp tissue decomposed 
significantly faster in the 25°C experiment (m25°Cregression = 0.17 d-1) relative to the 4°C 
experiment (m4°Cregression = 0.018 d-1) (Table 3).  Increases in C:N were driven by 
preferential removal of N relative to C from the shrimp tissue throughout the experiment 
(Tables 2.1 & 2.2).  Shrimp tissue N and C content decreased over time in both 
experiments, however, the C content of shrimp tissue did not change with time in the 4°C 
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experiment (Table 2.3).  Given that C:N was a good indicator of the state of 
decomposition of the shrimp tissue in our experiments, and N was preferentially removed 
relative to C (Figure 2.1), we used the change in C:N (∆C:N) to relate our elemental and 
isotopic data to the state of decomposition of shrimp tissue. 
 Shrimp tissue N content decreased linearly and tissue C:N ratio increased with 
time at both temperatures, but shrimp tissue C content showed more variability (Figure 
2.3).  Decreases in N content were significantly influenced by the state of decomposition 
of the shrimp tissue (i.e., ∆C:N), with no significant influence of temperature (Table 2.3).  
Shrimp tissue C content decreased linearly with increasing C:N in the 25°C experiment, 
but showed no clear trend in the 4°C experiment (Figure 2.3).  As with N content, the 
decreases we observed in C content were related to the state of decomposition of the 
shrimp tissue rather than to temperature (Table 2.2). Overall, mean C content decreased 
in the 25°C experiment, but changed only slightly in the 4°C experiment (Tables 2.1 & 
2.2).   
 The δ15N of shrimp tissue showed little change in the 4°C experiment and 
increased considerably with time in the 25°C experiment (Figure 2.2).  Shrimp tissue 
mean δ15N generally increased (~2-3‰) with increasing C:N in the 25°C experiment, but 
showed little alteration (~0.5‰) in the 4°C experiment (Figure 2.4, Tables 2.1 & 2.2).  
However, temperature alone did not account for a significant portion of the variation in 
shrimp tissue δ15N between the two experiments, while decreases in ∆δ15N could be 
explained by the degree of decomposition of the shrimp tissue (Table 2.3).   
 The δ13C of shrimp tissue became more negative with time, and was influenced 
by temperature differences between the two experiments (Tables 2.1 & 2.2; Figure 2.2). 
The δ13C of shrimp tissue also tended to become more negative with increasing C:N at 
both temperatures (Figure 2.3).  An ANCOVA revealed that the shrimp tissue exhibited 
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Table 2.1 - Mean changes (±1 S.D.) in δ15N, δ13C, N content, C content, and C:N ratio of 
shrimp tissue collected at each time point during the 25°C experiment. 
 
Incubation 
Days δ
15N (‰) δ13C (‰) N Content (%) 
C Content 
(%) C:N 
0 - Control 5.8 ± 0.2 -21.5 ± 1.7 11.2 ± 1.5 40.6 ± 3.2 4.3 ± 0.4 
3 6.7 ± 0.2 -23.1 ± 0.3 10.0 ± 0.2 41.9 ± 0.7 4.9 ± 0.1 
6 6.7 ± 0.7 -23.0 ± 1.1 8.3 ± 0.3 40.0 ± 0.9 5.6 ± 0.1 
10 6.0 ± 0.3 -24.2 ± 0.5 7.2 ± 0.4 42.6 ± 2.1 6.9 ± 0.7 
13 5.2 ± 3.3 -23.6 ± 0.04 6.7 ± 0.9 35.3 ± 4.2 6.1 ± 0.1 
18 6.3 ± 0.8 -23.8 ± 0.3 5.7 ± 0.8 35.5 ± 4.5 7.2 ± 0.3 
20 6.2 ± 1.2 -24.4 ± 0.6 4.7 ± 1.1 33.9 ± 4.8 8.4 ± 0.7 
23 7.7 ± 0.9 -24.4 ± 0.2 5.1 ± 0.4 39.4 ± 3.1 9.0 ± 0.2 
34 7.8 ± 0.6 -24.3 ± 0.1 3.1 ± 0.7 25.8 ± 4.9 9.7 ± 0.9 
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Table 2.2 - Mean changes (±1 S.D.) in δ15N, δ13C, N content, C content, and C:N ratio  
of shrimp tissue collected at each time point during the 4°C experiment. 
 
Incubation 
Days δ
15N (‰) δ13C (‰) N Content (%) 
C Content 
(%) C:N 
0 - Control 6.1 ± 0.5 -22.6 ± 0.6 11.8 ± 0.5 40.0 ± 1.7 4.0 ± 0.1 
3 6.7 ± 0.2 -22.0 ± 0.2 11.3 ± 0.5 39.8 ± 1.7 4.1 ± 0.1 
7 6.3 ± 0.5 -22.4 ± 0.3 11.6 ± 0.3 39.8 ± 1.7 4.1 ± 0.1 
16 6.1 ± 0.9 -21.9 ± 0.6 10.0 ± 2.4 35.7 ± 7.9 4.2 ± 0.1 
22 6.1 ± 0.7 -22.3 ± 0.2 10.8 ± 1.1 39.3 ± 2.7 4.2 ± 0.2 
29 6.7 ± 0.6 -22.4 ± 0.2 9.8 ± 2.2 35.4 ± 7.3 4.2 ± 0.1 
33 6.6 ± 0.6 -22.2 ± 0.5 10.3 ± 0.3 38.3 ± 0.3 4.3 ± 0.2 
62 6.3 ± 0.2 -23.1 ± 0.3 9.7 ±0 .8 39.4 ± 0.9 4.7 ± 0.3 
97 6.6 ± 0.5 -23.9 ± 0.8 8.1 ± 1.5 39.2 ± 1.6 5.8 ± 0.9 
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Table 2.3 - ANCOVA results comparing N content (%), C Content (%), δ15N (‰), δ13C 
(‰) and ∆C:N values of decomposed shrimp tissue at both 4°C and 25°C. For the first 
four variables, temperature was used as the main effect, and ∆C:N was used as the 
covariate.  In the last model (∆C:N), temperature was used as the main effect, and time 
(days) was used as the covariate 
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more negative δ13C values in the 25°C experiment relative to the 4°C experiment, while 
the slopes of both regressions did not differ significantly (Table 2.3, Figure 2.4). 
2.4 Discussion 
  Particulate organic matter represents a major sink of carbon in the world’s oceans 
and plays a significant role in global biogeochemical cycling.  Although numerous 
studies have described compositional changes of POM in the water column, questions 
still remain concerning the processing of this POM, especially in the deeper ocean 
(<1000m).  Thus, it is crucial to identify the source(s) of this organic matter and 
characterize the biological alterations it undergoes as it traverses the water column.  Our 
efforts here focused on determining the compositional and isotopic alterations of organic 
matter associated with microbial activity in order to better explain vertical water column 
trends observed in the field.   
2.4.1 Changes in elemental composition of OM 
 In our experiments, microbes preferentially remineralized nitrogen relative to 
carbon, a pattern consistent with the common observation that Norg is preferentially 
remineralized with respect to Corg in suspended and sinking particles in the deep ocean 
(Knauer et al. 1979, Hedges et al. 2001, Lee 2002).  Our data suggest a preferential 
utilization of nitrogen-rich biomolecules (e.g., proteins), but our experiments did not 
explicitly test the potential importance of physical leaching as a pathway for loss of 
shrimp organic matter.  However, the large Q10 values for both N (2.5) and C (9.0) 
content in our experiments both suggest that microbes are directly involved in 
decomposing shrimp tissue since biological processes typically show a large temperature 
effect (i.e., Q10 > 2).  Our results also suggest that temperature does not significantly 
influence relative elemental composition changes in OM, despite significant differences 
in decomposition rate.   
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Figure 2.1 - Time course of ∆C:N, ∆C Content and ∆N of shrimp tissue exposed to 
microbial decomposition at 4°C and 25°C.  ∆C:N represents the differences in 
compositional values for paired shrimp halves (∆C:N = C:NDecomposed – C:NControl) at each 
removal date.  The same calculation was made for N and C content.  At least three shrimp 
halves were collected on each collection time point.  Conditioned artificial seawater 
(CASW) was used as the incubation medium and was collected from aquaria housing live 
shrimp (Palaemonetes sp.).  Total incubation time for the 4°C and 25°C assay was 97 
days and 34 days, respectively. 
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2.4.2 Changes in δ15N of OM   
Previous studies documenting isotopic alteration of decomposing organic matter have 
been carried out at temperatures similar to those in surface waters (19-25°C) (Wada 1980, 
Zieman et al. 1984, Macko et al. 1994, Lehmann et al. 2002) and have not addressed 
decomposition under conditions typical of deeper, colder waters (2-4°C).  Our results are 
consistent with previous studies that found increasing δ15N of decomposing organic 
matter with time (Macko et al. 1994, Lehmann et al. 2002).  For example, Macko et al. 
(1994) found higher δ15N (+2.3‰) of powdered seagrass and sediment slurries incubated 
in anaerobic Winogradsky columns.  Lehmann et al. (2002) found a ~3‰ increase in 
δ15N of particulate organic matter decomposed over a similar time period in an oxic 
environment at 25°C, while we observed a 2‰ increase in shrimp tissue δ15N in our 25°C 
experiment (oxic) over a similar time period (Fig. 2 & 4).  Interestingly, Lehmann et al. 
(2002) saw a much smaller increase in C:N ratio in their oxic experiments (∆C:N=2.5) 
than we did (∆C:N=5.4, suggesting that the shrimp tissue used in our experiments was 
degraded more substantially than the POM used in Lehmann’s experiments.  
Furthermore, Lehmann’s results showed greater isotopic alteration per unit change in C:N 
ratio (∆δ15N/∆C:N = 1.2‰)  than our data, despite the  more extensive OM degradation 
we attained in our experiments (∆δ15N/∆C:N = 0.4‰).  While these contrasts may reflect 
specific differences in experimental conditions (e.g., the microbial assemblages and 
composition of the organic matter used), the general pattern of δ15N increasing with C:N 
ratio during aerobic decomposition appears to be robust.  Despite differences in 
decomposition rate between our 4°C and 25°C experiments (Figure 1), we did not find 
any significant effect of temperature on the rate of change in the δ15N of decomposing 
shrimp tissue, which suggests that similar biological processes altered shrimp tissue δ15N 
regardless of decomposition rate.   
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 Diagenetic processes may alter δ15N of organic matter via release/loss of 
biomolecules with a distinctive δ15N, kinetic isotopic fractionation of proteins and amino 
acids through peptide bond hydrolysis and/or deamination, and/or the preferential 
addition of microbial biomass with a distinctive δ15N.  All of these factors seem feasible 
given that: 1) amino acids exhibit different δ15N values (Macko et al. 1987, McClelland 
& Montoya 2002, McCarthy et al. 2003, McClelland et al. 2003), 2) heterotrophic 
microbes are generally enriched in 15N with respect to their substrate (Macko & Estep 
1984, Macko et al. 1987), and 3) deamination reactions discriminate significantly against 
15N (Macko et al., 1986, Bada et al., 1989).  Bulk isotopic analysis cannot distinguish the 
specific processes leading to 15N enrichment of shrimp tissue in our experiments, but 
compound-specific analyses may help to elucidate these processes.   
2.4.3 Changes in δ13C of OM 
In contrast with our results for δ15N, shrimp tissue exhibited significantly lower δ13C as 
decomposition proceeded (∆C:N increased) in both experiments.  Low shrimp tissue δ13C 
values in our 25°C experiment are consistent with other lab-based studies that document 
decreasing δ13C of organic matter with time (Macko & Estep 1984, Macko et al. 1994, 
Lehmann et al. 2002).  Decreasing δ13C values could reflect either preferential addition of 
13C-depleted microbial biomass, preferential removal of organic molecules enriched in 
13C, or kinetic isotopic fractionation during decomposition.  The first argument seems 
unlikely since microbes are generally enriched in 13C with respect to their substrate 
(Macko & Estep 1984, Macko et al. 1987, Piao et al. 2006).  The second process seems 
feasible, since preferential removal of relatively enriched organic molecules (e.g., 
proteins, nucleic acids) could have contributed to lower δ13C values in the residual 
shrimp tissue.  As noted above, increases in the C:N ratio of shrimp tissue were 
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Figure 2.2 - Time course of δ15N and δ13C of shrimp tissue exposed to microbial 
decomposition at 4°C and 25°C.  ∆δ15N represents the differences in compositional 
values for paired shrimp halves (∆δ15N = δ15N Decomposed – δ15N Control) at each removal 
date.  The same calculation was made for δ13C.  At least three shrimp halves were 
collected on each collection time point.  Conditioned artificial seawater (CASW) was 
used as the incubation medium and was collected from aquaria housing live shrimp 
(Palaemonetes sp.).  Total incubation time for the 4°C and 25°C assay was 97 days and 
34 days, respectively. 
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Figure 2.3 - Time course of δ15N and δ13C of shrimp tissue exposed to microbial 
decomposition at 4°C and 25°C.  ∆δ15N represents the differences in compositional 
values for paired shrimp halves (∆δ15N = δ15N Decomposed – δ15N Control) at each removal 
date.  The same calculation was made for δ13C.  At least three shrimp halves were 
collected on each collection time point.  Conditioned artificial seawater (CASW) was 
used as the incubation medium and was collected from aquaria housing live shrimp 
(Palaemonetes sp.).  Total incubation time for the 4°C and 25°C assay was 97 days and 
34 days, respectively. 
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Figure 2.4 - Differences in δ15N and δ13C between paired shrimp halves (∆δ15N = 
δ15NDecomposed – δ15NControl) with increasing C:N ratio.  C:N ratios of shrimp tissue provide 
a proxy for the microbial processing of the shrimp tissue, where higher C:N ratios signify 
more exposure to microbial decomposition. Conditioned artificial seawater (CASW) was 
used as the incubation medium and was collected from aquaria housing live shrimp 
(Palaemonetes sp.).  Total incubation time for the 4°C and 25°C assay was 97 days and 
34 days, respectively. 
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primarily driven by the removal of nitrogen, suggesting that nitrogenous components 
(e.g., proteins, nucleic acids) of the shrimp tissue were preferentially utilized and 
removed during decomposition.  The minimal loss in C during the incubations, rising 
C:N ratios, and decreasing δ13C of shrimp tissue all suggest that nitrogen-poor 
biomolecules, such as lipids, were conserved during the incubations.   
 C:N ratios are often used as an indicator of the state of OM, since increasing C:N 
ratios often represent OM with higher carbohydrate and lipid content with respect to 
proteins (Deniro and Epstein, 1978, Focken and Becker, 1998, Bodin et al., 2007).  Our 
isotopic data suggest that lipids were conserved during our experiments, since proteins 
and carbohydrates are typically enriched in 13C with respect to lipids (Deniro & Epstein 
1977, Galimov 1981, Post et al. 2007).  Other studies also suggest that proteins and 
carbohydrates are preferentially removed from phytoplankton during decomposition, 
leaving behind lipid-rich residual organic matter (Harvey et al. 1995).  
Aside from the growing literature documenting both bulk and compound specific δ13C of 
decomposing OM and/or associated biomolecules (Harvey & Johnston 1995, Harvey et 
al. 1995, Harvey & Macko 1997, Nguyen & Harvey 1997, Meckenstock et al. 1999, 
Lehmann et al. 2002, Lehmann et al. 2004, Sun et al. 2004, Dai et al. 2005, Ding & Sun 
2005), few studies have focused on the mechanisms producing changes in δ13C during 
decomposition.  Several prior studies have documented clear changes in bulk δ13C during 
decomposition.  For example, both Macko et al. (1994) and Lehmann et al. (2002) found 
decreasing bulk δ13C (∆δ13C = -2.8‰ and -1.8‰, respectively) with decomposition of 
OM, but only the former experiment were consistent with the ∆δ13C of shrimp tissue in 
our experiments.  These earlier experiments were conducted at 25°C, but our results show 
a clear effect of temperature on δ13C alteration during decomposition. The higher δ13C in 
our 4°C experiment relative to our 25°C experiment could be due to several factors, such 
as temperature-dependent kinetic isotopic fractionation effect (Galimov 1981, Silfer et al. 
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1992), OM exposure to different microbial communities, and differential selection and 
decomposition of isotopically distinct biomolecules (Harvey & Johnston 1995, Harvey et 
al. 1995, Harvey & Macko 1997, Nguyen & Harvey 1997, Ding & Sun 2005).  Since 
kinetic fractionation varies with absolute temperature, the small relative temperature 
difference (298K vs 277K) between our experiments most likely did not dominate the 
isotopic changes we observed.  Although our data clearly show the impact of biological 
processes on the isotopic composition of shrimp tissue, a more thorough analysis of the 
isotopic composition of individual components of the organic matter and the microbes 
reworking that OM will be required to resolve the mechanisms at work. 
2.4.4 Ecological applications  
2.4.4.1 Alteration of OM δ15N 
 Although this study does not directly address the isotopic alteration of POM 
associated with consumption by different heterotrophs (macrofaunal v. microbial), it does 
provide context for evaluating the potential mechanisms for isotopic transformation of 
both suspended and sinking particles in the ocean.  Variation in the δ15N of field-
collected POM is generally attributed to differences in the type of particles collected (i.e., 
suspended v. sinking) and their exposure time to heterotrophic reworking (Altabet 1988, 
Altabet et al. 1991, Voss et al. 1996, Nakatsuka et al. 1997).  For example, suspended 
POM at the Ocean Flux Program (OFP) site, south of Bermuda, became increasingly 
enriched in 15N with depth while the δ15N of sinking POM revealed the opposite pattern 
(Altabet et al. 1991).  Altabet et al. (1991) hypothesized that the observed differences 
could be microbially-mediated, with suspended particles becoming more enriched in 15N 
due to microbial hydrolysis and deamination reactions, while the δ15N of sinking particles 
reflects microbial processes that preferentially remove 15N or add 14N.  Sinking particles 
also tend to undergo compositional changes during transport as amino acids and proteins 
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are preferentially metabolized relative to lipids and carbohydrates, leading to C:N ratios 
increasing with depth).  These compositional changes could lead to isotopic alteration 
independently of any kinetic fractionation during decomposition.  Our results are 
consistent with previous studies that document an increase in the δ15N of suspended POM 
with depth (Saino & Hattori 1980, Altabet et al. 1991, Saino 1992, Altabet & Francois 
1994, Nakatsuka et al. 1997, Wu et al. 1999b), but contrast with observed vertical trends 
of decreasing δ15N values of sinking particles with depth (Altabet et al. 1991, Voss et al. 
1996, Wu et al. 1999b).   
 In both of our experiments, shrimp tissue was enriched in 15N with increasing 
∆C:N, a proxy for the extent of decomposition.  Our results suggest that microbes alone 
can drive significant decomposition of OM while simultaneously increasing the δ15N of 
the residual OM via hydrolysis and deamination of nitrogenous components, regardless 
of decomposition rate.  Thus, observed vertical profiles of suspended POM δ15N in 
oceanic water columns may be explained by microbial heterotrophic reworking.  
However, if δ15N is to be used as a tracer for N in suspended POM, further work (e.g., 
compound-specific analysis) is required to isolate the biochemical underpinnings leading 
to microbially-mediated isotopic fractionation (McClelland & Montoya 2002, McCarthy 
et al. 2003, McClelland et al. 2003).  Despite these limitations, our results do provide an 
initial empirical index to the extent of OM decomposition/reworking (e.g., ∆C:N ratio) as 
a function of depth in the water column, which may help determine the extent of 
decomposition of POM in the water column as well as its trophic state (via stable isotope 
analysis). 
 There is little empirical evidence for decreases in the δ15N of OM associated with 
microbial heterotrophy (Wada 1980, Macko & Estep 1984, Lehmann et al. 2002).  
Zieman et al. (1984) did observe considerable decreases in δ15N of decomposing 
mangrove leaves, but the mechanisms driving this large isotopic alteration (~10‰) have 
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yet to be determined, although N2-fixation or dissolved nitrogen uptake (DIN) could have 
potentially driven these changes.  Our results suggest that microbial decomposition alone 
does not contribute to the decrease in the δ15N values of sinking particles observed in 
various ocean basins.   
 Vertical gradients in the δ15N of suspended POM are generally stronger in surface 
waters (<500m) than in deeper, colder waters (>500m).  This suggests that temperature 
could influence shifts in δ15N of suspended POM, potentially through increased microbial 
activity at higher temperatures.  However, our data show that microbial alteration of OM 
δ15N is not significantly influenced by temperature, despite significant differences in 
decomposition rate.  This suggests that similar diagenetic processes alter POM δ15N 
regardless of temperature differences within the water column (warm surface waters vs. 
cold deep waters) and that the time of suspension within the water column is the primary 
factor controlling the extent of decomposition of OM as well as its isotopic composition.  
We expect that if we ran our 4°C experiment for a significantly longer time period, we 
would observe isotopic shifts similar to those we observed in the 25°C experiment.  This 
further implies that decomposition experiments performed at 25°C can provide insight 
into processes under deep-sea temperature conditions. 
2.4.4.2 Changes in δ13C of OM 
 Vertical profiles of the δ13C of both suspended and sinking POM show significant 
variation (Nakatsuka et al. 1997, Nakanishi & Minagawa 2003, Lourey et al. 2004).  
Several factors may influence δ13CPOM in the water column, including compositional and 
isotopic alteration driven by microbial degradation (Qian et al. 1996, Harvey & Macko 
1997, Megens et al. 1998, Hall et al. 1999, Meckenstock et al. 1999, Mazeas et al. 2002, 
McCarthy et al. 2004, Sun et al. 2004) and/or macrofaunal consumption and excretion 
(Small et al. 1987, Altabet & Small 1990, Montoya et al. 1992, Breteler et al. 2002, 
Turner 2002, Tamelander et al. 2006).  Our results suggest that microbial decomposition 
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causes OM to become depleted in 13C, which occurs due to either compositional 
alteration and/or kinetic fractionation of carbon isotopes during microbial decomposition.  
Other lab and field studies support our findings, yet vertical profiles of δ13CPOM do not 
always show a decrease with depth (Nakatsuka et al. 1997, Lourey et al. 2004, Nakanishi 
& Minagawa 2003).  However, several other lab studies suggest that fecal pellets 
produced by zooplankton are often depleted in 13C relative to their food source, perhaps 
reflecting the presence of a peritrophic membrane around the pellet (Breteler et al. 2002, 
Tamelander et al. 2006).  Thus, it may be more difficult to identify the processes that are 
influencing POM transformation in the water column through measurement of the bulk 
stable isotopic composition of POM.  Further separation and analysis of the individual 
components of POM (i.e., amino acids, sterols, fatty acids) are required to discriminate 
between microbial and macrofauna processing. 
2.4.4.3 Conclusions 
 Tracing the origin and transformation of POM within the world’s oceans provides 
crucial information regarding present and past global biogeochemical cycles.  However, 
we must first understand the proximate mechanisms for both elemental and isotopic 
alterations via biological activity before we can use isotopic distributions to characterize 
decompositional processes in nature.  Our study focused on microbial decomposition, one 
of the major biological influences on POM abundance and composition in the oceans.  
Our results showed that N is preferentially utilized with respect to C, and that OM δ15N 
increases with decomposition, but is not affected by incubation temperature.  This implies 
that similar microbial processes drive elemental and isotopic changes in OM, and that 
decomposition experiments performed at higher temperatures are relevant for processes 
occurring in the deep ocean.  This further suggests that vertical profiles of δ15N can be 
interpreted without concern for fractionation affects caused by temperature differences. 
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CHAPTER 3 
ORGANIC MATTER PROCESSING BY THE SHRIMP 
PALAEMONETES SP.: ISOTOPIC AND ELEMENTAL EFFECTS 
3.1 Introduction 
 Fecal material plays an important role in particulate organic matter (POM) flux 
and nutrient cycling in aquatic ecosystems (Wotton & Malmqvist 2001).  Fecal material 
can dominate the vertical flux of organic matter in pelagic environments, and is a critical 
component of the biological pump transporting C and N downward through the water 
column (Emerson & Roff 1987, Lampitt et al. 1990, Voss 1991, Dam et al. 1995, Le 
Fevre et al. 1998, Sarnelle 1999, Wassmann et al. 2000, Werner 2000, Dubischar & 
Bathmann 2002, Turner 2002, Dagg et al. 2003, Frangoulis et al. 2005).  However, 
despite their importance for both regional and global Corg and Norg fluxes, the fate of fecal 
pellets sinking out of the surface ocean is still not well understood.  A number of workers 
(Wakeham 1995, Burns et al. 2003, Stubing & Hagen 2003, Burns et al. 2004) have used 
sterols and fatty acids as biomarkers to determine the type of heterotrophy responsible for 
reworking sinking POM, but have typically found it difficult to separate the effects of 
reprocessing by larger grazers (e.g., copepods) and microbes. Other investigators (Wada 
& Hattori 1976, Altabet & McCarthy 1986, Altabet et al. 1991, Voss et al. 1996, Hernes 
et al. 2001, Schneider et al. 2003) have focused on vertical trends in the chemical and 
isotopic composition of POM as markers of its origin and fate.  However, despite some 
success in characterizing organic matter transformation, few studies have actually 
determined the isotopic alteration associated with crustacean digestion of organic matter 
(Turner 1987, Checkley & Miller 1989, Sato et al. 2002, Turner 2002).  The impact of 
macrocrustaceans on organic matter transformation and/or remineralization is critical to 
understanding the impact of these trophic processes on the efficiency of the biological 
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pump in pelagic ecosystems (Honda 2003, Andersson et al. 2004, Mackenzie et al. 2004).  
Here we present results from a lab-based study assessing the effects of feeding processes 
(e.g., “sloppy feeding”) and digestion on the isotopic and elemental composition of 
marine organic matter.  
 Stable isotopes of nitrogen and carbon have proved useful in tracing biologically-
mediated input (Capone 2001, Montoya et al. 2002), transformation (Montoya et al. 
1992, Nakatsuka et al. 1997, Peterson 1999, Breteler et al. 2002, Lehmann et al. 2002, 
Mackenzie et al. 2004), and export (Wada & Hattori 1976, Altabet 1988, Altabet et al. 
1991, Altabet & Francois 1994, Voss et al. 1996, Wu et al. 1997, Peterson 1999, Smith et 
al. 2002, Lourey et al. 2003, Lourey et al. 2004) of these elements in marine ecosystems.  
Various studies have focused on the isotopic fractionation associated with the movement 
of carbon and nitrogen through individual organisms and/or food webs (Deniro & Epstein 
1981, Peterson & Fry 1987, Wada et al. 1987, Kling et al. 1992, Montoya et al. 1992, 
Montoya et al. 2002), while other studies have addressed the potential for isotopic 
alteration of organic matter as a result of processing by individual organisms within those 
food webs (Checkley & Miller 1989, Altabet & Small 1990, Hasegawa et al. 2001, 
Breteler et al. 2002, Schmidt et al. 2003, Tamelander et al. 2006).  However, despite this 
progress, questions still remain concerning the isotopic alteration of organic matter (OM) 
associated with crustacean digestion.  Determining the isotopic impact of food handling 
and processing by animals will facilitate efforts to trace the flow and transformation of 
organic matter within ecosystems (Gannes et al. 1997, Peterson 1999). 
3.2 Materials and Methods 
 Shrimp (Palaemonetes sp.) were housed in a 50-gallon aquarium filled with 
artificial seawater (ASW, Instant Ocean brand) mixed to a salinity of 18-20 PSU.  The 
aquarium was maintained at 25°C in an environmental chamber.  ASW was filtered 
internally by both a large sponge filter and a Whistler™ water recirculation filter pump.  
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Experiments were run twice daily, involving all shrimp living in the aquarium.  During 
each experiment, shrimp were fed Tetramin™ fish food (flakes), and were allowed 
between 10-12 hours to consume the flakes and produce fecal pellets. At the end of each 
experiment, all solid organic matter (i.e., fecal pellets, leftover flakes) was removed from 
the aquarium and placed in a clean 1-L beaker for further separation and preparation for 
isotopic analysis.  After organic matter collection, the shrimp were then fed after 1-2 
hours to begin the next experiment. After the organic matter was collected, fecal pellets 
were carefully isolated using pre-combusted (450°C for 4 hours) Pasteur pipettes, placed 
on small weighing boats, and dried in an oven at 60°C.  Fecal pellets were long, 
cylindrical particles (~3-7mm long, ~0.5-1 mm diameter) that were easily seen with the 
naked eye.  Further examination with a dissecting microscope was necessary at times to 
distinguish between fecal pellets and unconsumed food.  The remaining flake material 
(‘leftovers’) was also collected and dried.   
 Before beginning a new experiment, shrimp were visually inspected for flake food 
remaining in their guts in order to prevent carryover of fecal material from one 
experiment to the next.  Fecal matter released by shrimp after the initial collection and 
before the next feeding was discarded. Shrimp were not obviously underfed since some 
uneaten flakes always remained in the aquarium.  Incubations in which shrimp died were 
excluded from our analysis since consumption of carcasses/molts could affect the 
isotopic composition of the collected organic matter. 
 In order to determine the isotopic alteration of flake food due to prolonged 
exposure to ASW, dry flake food was placed into small, autoclaved flasks and submerged 
in 200mL of either freshly prepared ASW or conditioned artificial seawater (CASW) 
collected from the aquarium housing shrimp.  This experiment was run twice, and 7-10 
individual replicate flasks were used in each experiment. The dry flake food was soaked 
for at least 12 hours in either ASW or CASW and then collected from the flask and dried. 
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 All bulk isotopic measurements were performed using a Micromass Optima 
continuous-flow isotope-ratio mass spectrometer (CF-IRMS) system.  The mass 
spectrometer was interfaced to a Carlo-Erba NA2500 elemental analyzer used for 
combustion and purification of sample nitrogen and carbon.  Solid samples were dried at 
60ºC, then ground with mortal and pestle, and stored in pre-combusted glass vials from 
which sub-samples were taken for isotopic analysis.  All isotope abundances are 
expressed as δ values relative to either tropospheric N2 (δ15N) or Pee Dee Belemnite 
(δ13C).  Analytical error associated with bulk isotope measurements was typically better 
than ±0.1‰ for standards similar in size to our samples. 
3.3 Results 
 As expected, fecal pellets showed declines in both N and C content with respect 
to the flake food while both ASW and CASW controls showed little change (Table 3.1).  
A one-way ANOVA revealed that C:N ratios of flake food differed significantly as a 
function of exposure to the shrimp in our aquarium (F(4, 90) = 60.5, p < 0.0001).  A 
Tukey-Kramer HSD post-hoc test further showed that C:N ratios of fecal pellets (8.62 ± 
1.2) were significantly (p < 0.05) greater than C:N ratios of dry flake food (6.61 ± 0.2).   
Both N and C content of fecal pellets differed significantly (N content: F(4, 90) = 223.9, 
p  < 0.0001; C content: F(4, 90) = 140.1, p < 0.0001) with respect to the dry food source 
(Table 3.1, Figure 3.1).  Pair-wise comparisons revealed a significantly lower C content 
after digestion by shrimp, with no other significant changes in the controls or leftover 
flakes.  The N content of the fecal pellets were also significantly lower than in the dry 
flake food, while leftover flakes (including both macerated and unaltered flakes) also had 
a significantly lower N content than the dry flake food (Tukey’s post-hoc test, p < 0.05).  
There were no other significant changes in either N or C content of the dry flake food.   
 Flake food did change significantly during our experiments (F(4, 90) = 11.36, p < 
0.0001), but these changes were driven primarily by shrimp activity rather than digestion.  
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Fecal material showed no significant changes in δ15N or δ13C relative to either dry or 
soaked flake food (Tukey-Kramer HSD post-hoc test, p < 0.01).  However, flake food 
δ15N differed significantly as a result of exposure to feeding shrimp.  The δ15N of 
remaining flakes was 0.8‰ higher than the dry flake food and submerged flake food 
controls (Tukey-Kramer HSD, p<0.01), while δ13C remained unchanged throughout both 
the fecal pellet extraction experiments, and in the control ASW and CASW submersion 
experiments (F(4, 90) = 1.46, p = 0.22).  There were no significant isotopic changes in 
either ASW or CASW control experiments (Tukey-Kramer HSD, p < 0.01). 
3.4 Discussion 
 Our results suggest that organic matter consumed by shrimp does not undergo 
significant isotopic change despite clear decreases in both N and C content during gut 
passage. After shrimp digestion, the mean N and C content of the flake food dropped 
from 8.2% to 2.0% and from 47% to 14% by weight, respectively.  However, despite 
considerable utilization of the flake food, we did not find any evidence for isotopic 
change of flake food associated with shrimp digestion.  Our results are consistent with the 
minimal alteration of δ15N with crustacean digestion observed in lab-based studies 
(Breteler et al. 2002, Tamelander et al. 2006), while contrasting with results from a 
number of field-based studies that have documented either higher (Altabet & Small 1990, 
Montoya et al. 1992, Small & Ellis 1992) or lower (Montoya et al. 1992, Schmidt et al. 
2003, Tamelander et al. 2006) δ15N values for crustacean-derived fecal pellets relative to 
the food source.  Our results also contrast with the more negative fecal pellet δ13C values 
observed in these studies (Breteler et al. 2002, Tamelander et al. 2006).  
 The varied outcomes in these experiments could be influenced by a number of 
factors including the incorporation of components other than fecal pellets (e.g., eggs) into 
the isotopic analysis (Breteler et al. 2002, Tamelander et al. 2006), selective feeding by  
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Table 3.1 - Mean (±1 S.D.) δ15N, δ13C, Nitrogen (N) content, Carbon (C) content, and 
C:N ratios of flake food exposed to various environments.  ‘Dry flake food’ 
represents flake food that has not been exposed to any experimental factor (negative 
control).  “Feces” represents the fecal material collected during each experiment and 
the ‘leftovers’ represent the remaining organic matter during those experiments.  
‘ASW’ and ‘CASW soak’ values represent dry flake food soaked in incubation 
media.   
 
Source δ15N (‰) δ13C (‰) N Content (wt-%) 
C Content 
(wt-%) C:N 
Dry Flake Food 5.5 ± 0.2 -23.1 ± 0.2 8.2 ± 0.2 46.7 ± 1.3 6.6 ± 0.2 
Feces 5.5 ± 0.5 -23.0 ± 1.2 2.0 ± 0.9 14.3 ± 1.0 8.6 ± 1.2 
Leftovers 6.3 ± 0.6 -22.5 ± 1.0 6.1 ± 0.9 31.6 ± 1.2 6.0 ± 0.4 
ASW Soak 5.6 ± 0.3 -23.1 ± 0.3 7.8 ± 1.0 43.0 ± 1.3 6.4 ± 0.2 
CASW Soak 5.8 ± 0.1 -23.0 ± 0.2 7.9 ± 0.9 41.3 ± 1.3 6.1 ± 0.1 
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Figure 3.1 - Mean N and C content (wt-%) of dry flake food, flake food remaining after 
experiments (leftovers), shrimp fecal pellets (feces), as well as flake food soaked in either 
ASW or CASW. Mean treatment values represented by different letters are significantly 
different (p < 0.01).  Upper letters represent N content comparisons, while lower letters 
represent C content comparisons.  Error bars are set at ±1 S.D. 
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Figure 3.2 - Mean δ13C and δ15N (‰) of dry flake food, flake food remaining after 
experiments (leftovers), shrimp fecal pellets (feces), as well as flake food soaked in either 
ASW or CASW.  Mean treatment values represented by different letters are significantly 
different (p < 0.01).  Upper letters represent δ15N comparisons, while lower letters 
represent δ13C comparisons.  Error bars are set at ±1 S.D. 
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crustaceans from a mixed food supply  (Checkley & Entzeroth 1985, Altabet & Small 
1990, Montoya et al. 1992), or the type of organism observed (e.g., euphausiids (Schmidt 
et al. 2003) versus shrimp).  Since our shrimp were provided an isotopically 
homogeneous food source, we reduced potential isotopic contamination via introduction 
of other sources (e.g., eggs, macerated, undigested flake food) during fecal pellet 
collection.  Our results also provide a clearer understanding of the isotopic alteration of 
organic matter in the course of crustacean digestion. In particular, our data suggest that 
fecal pellets originating from decapods, like shrimp, will retain the isotopic signature of 
the shrimp’s food sources (Lampitt et al. 1990, Wassmann et al. 2000, Werner 2000, 
Wotton & Malmqvist 2001, Turner 2002).  
 The absence of significant isotopic alteration of organic matter during crustacean 
digestion suggests that there is neither significant kinetic fractionation, nor preferential 
utilization of isotopically distinct classes of biochemicals (i.e., proteins vs. lipids) or 
specific biomolecules (i.e., amino acids) during gut passage and digestion in these 
shrimp.  Proteins, carbohydrates and lipids generally differ in both δ15N and δ13C 
(Galimov, 1981) while there is also considerable variability in the δ15N and δ13C of 
individual amino acids and fatty acids (McClelland & Montoya 2002, McCarthy et al. 
2003, McCarthy et al. 2004).  We would expect a change in the isotopic composition of 
organic matter if the proportions of these biochemical fractions or biomolecules changed 
appreciably during crustacean digestion of organic matter.   However, we see no isotopic 
evidence that supports preferential utilization of specific biomolecules of organic matter, 
despite considerable and differential loss of N and C.  We recognize that the digestive 
processes of Palamonetes sp. may not widely represent all crustaceans.  Despite this 
restriction, our data provide an initial assessment of OM isotopic and elemental alteration 
associated with crustacean digestive processes, which has received minimal attention to 
date.   
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 Our data also suggest that larger crustaceans can influence both the elemental and 
the isotopic composition of organic matter without actually ingesting that organic matter.  
Many larger organisms play a critical role in energy transfer and recycling in aquatic 
ecosystems simply by their daily function within that ecosystem (Graca 2001, Goldthwait 
et al. 2004, Goldthwait et al. 2005).  For example, euphausiids have been shown to 
disaggregate larger particles by both particle entrainment and their swimming movement 
(via beating pleopods) (Dilling & Alldredge 2000, Goldthwait et al. 2004, Goldthwait et 
al. 2005). However, little is known about how larger organisms, like euphausiids, may 
indirectly affect the elemental and isotopic composition of organic matter via non-
consumptive activities.  
 Like many decapod crustaceans, shrimp are ‘sloppy’ feeders, macerating food and 
shedding pieces that are not consumed (Dilling & Alldredge 2000, Graca 2001, 
Goldthwait et al. 2004, Goldthwait et al. 2005, Ferreira et al. 2006).  In our experiments, 
shredded food was altered in both elemental and isotopic composition relative to both dry 
and soaked flake food.  The mean N and C content of macerated flake food decreased 
from 8.2% to 6.1% and 47% to 32% by weight, respectively.  The mean N content of 
macerated food was significantly different than any of our controls (i.e., dry flake food, 
flakes soaked in ASW or CASW), while differences between our controls were not 
significant.  We obtained slightly different results for changes in C content of food with 
exposure to shrimp.  Although the mean C content of the macerated food was 
significantly different than both of our controls, the mean C content of CASW soaked 
food was also significantly different than the dry food.  Our results suggest that shrimp 
maceration facilitates either increased microbial decomposition and/or C leaching of 
organic matter.   
 Shrimp maceration also influenced the isotopic composition of flake food.  The 
δ15N of macerated food was 0.8‰ higher than the δ15N of the dry flake food.  In contrast, 
δ13C did not change significantly after shrimp maceration.  Parallel experiments also did 
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not show any significant isotopic change of the flake food when soaked in either ASW or 
CASW in the absence of animals, suggesting that larger consumers link δ15N changes to 
maceration. The higher δ15N of macerated food suggests preferential removal of 
biomolecules with lower δ15N via leaching and/or microbial remineralization.  Since 
larger organisms often facilitate microbial reprocessing of organic matter in aquatic 
systems (Graca 2001, Goldthwait et al. 2005), accelerated microbial decomposition 
and/or physical leaching of nitrogenous components due to maceration seems to be the 
two likely explanations for our observations. Separating the effects of microbial 
processing and physical leaching of the macerated organic matter, thus, deserves future 
examination.  
3.4.1 Ecological/Biogeochemical applications 
 Our results provide an interesting comparison with other studies aimed at 
determining the isotopic composition of zooplankton fecal material in two ways: 1) our 
experimental design allowed us to relate fecal material directly to the food source by 
using an isotopically homogeneous food source and minimizing contamination, and 2) 
our experimental design allowed us to investigate the potential isotopic alterations 
occurring as a result of feeding activity, but not directly associated with digestion (i.e., 
sloppy feeding).  Our results add to the growing knowledge of elemental and isotopic 
alteration through zooplankton processing, and are relevant to observed vertical trends of 
suspended and sinking δ15NPOM in the world’s oceans.    
 The δ15N of sinking POM caught in sediment traps typically decreases with depth, 
a trend that may reflect reprocessing and coprophagy by deep-dwelling zooplankton 
(Altabet et al. 1991, Voss et al. 1996, Nakatsuka et al. 1997).  Our results suggest that 
crustacean feeding activities alone may not lead to a decrease in δ15N of sinking POM, 
though other studies have documented decreases in δ15N of organic matter associated 
with crustacean digestion (Schmidt et al. 2003, Tamelander et al. 2006). These mixed 
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results likely reflect factors such as food choice, crustacean taxon (i.e., copepods vs. 
decapods), life stage, reproductive status of the organisms (e.g., egg production), and 
animal size (Checkley & Miller 1989, Altabet & Small 1990, Montoya et al. 1992, 
Schmidt et al. 2003, Tamelander et al. 2006).  Additional studies focused on the influence 
of metazoans on vertical trends in the δ15N and δ13C of POM in the ocean may help 
resolve these uncertainties.    
 Crustaceans can disaggregate marine snow within the water column, and thus 
directly influence particle size and flux (Dilling et al. 1998, Dilling & Alldredge 2000, 
Dilling & Brzezinski 2004, Goldthwait et al. 2005).  Our results suggest that this 
disaggregation may also influence the elemental and isotopic composition of organic 
matter within the water column, since maceration alone had a clear effect on both the N 
content and δ15N of organic matter in our experiments.  In oceanic systems, this animal-
mediated disaggregation may contribute to vertical changes in both POM flux and 
isotopic distributions.  Future studies should include in-situ experiments to determine the 
direct (i.e., consumptive) and indirect (i.e., non-consumptive) influence of zooplankton 
on particle size, flux, and composition (both isotopic and elemental) while also observing 
other consequences such as DOM release and utilization by other organisms within these 
systems.  
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CHAPTER 4 
BASIN-SCALE DISTRIBUTIONS OF STABLE NITROGEN 
ISOTOPES IN THE SUBTROPICAL NORTH ATLANTIC OCEAN: 
MOVEMENT OF DIAZOTROPH NITROGEN INTO 
MESOZOOPLANKTON 
4.1 Introduction 
 Nitrogen (N) typically limits marine primary production over large areas of the 
world’s oceans on biological timescales (Ryther & Dunstan 1971, Graziano et al. 1996, 
Moore et al. 2008).  Regenerated nitrogen, or inorganic nutrients that have been recycled 
through various biological pathways in the upper ocean (e.g., NH4+ released through 
decomposition of OM), can support a large fraction of total primary production, but 
“new” N inputs are required to sustain primary production due to N losses from surface 
waters (i.e., sinking particles).  New N, defined as unrecycled, allochthonous N (e.g., 
deep NO3- ) (Dugdale & Goering 1967), can enter the euphotic zone via diapycnal mixing 
(Lewis et al. 1986), upwelling and/or eddy diffusion (McGillicuddy et al. 1998), 
atmospheric deposition (Duce et al. 2008),  or through N2-fixation (Capone et al. 2005, 
Mahaffey et al. 2005, Karl & Letelier 2008).  New N sustains primary production in the 
upper ocean and acts as a regulator on global oceanic and atmospheric carbon 
sequestration via the biological pump.  At steady state, new production has been linked to 
export flux out of surface waters, and thus, the inputs of new N dictate the ability of the 
biological pump to produce and move organic C through the oceans (Eppley & Peterson 
1979).  
 Biological N2-fixation provides a crucial source of new N to the world’s oceans, 
especially in oligotrophic oceanic gyres (Capone et al. 1997, Capone et al. 2005, 
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Montoya et al. 2007).  Shipboard N2-fixation rate measurements have shown 
considerable N inputs via diazotrophs (Carpenter et al. 1999, Falcon et al. 2004a, 
Montoya et al. 2004, Capone et al. 2005, Montoya et al. 2007, Zehr et al. 2007).  Other 
methods have been employed to estimate diazotroph activity in the world’s oceans, by 
comparing global nutrient distributions that deviate from Redfield ratios (e.g., N*) 
(Gruber & Sarmiento 1997), and by tracking the global occurrence and production of 
important N2-fixers via satellite (e.g., Trichodesmium spp.) (Subramaniam et al. 2002, 
Westberry et al. 2005, Westberry & Siegel 2006).  Despite our heightened appreciation 
for biological N2-fixation and its role as a crucial process driving new production in the 
world’s oceans, relatively little is known about the extent to which new N influences 
production of higher trophic levels, such as mesozooplankton (LaRoche & Breitbarth 
2005, Brandes et al. 2007). 
 For decades, ecologists and oceanographers have used the natural distribution of 
stable isotopes to trace the inputs and fate of N in ecosystems (Deniro & Epstein 1981, 
Altabet et al. 1991, Post 2002, West et al. 2006).  This approach requires isotopically 
distinct end members, as well as information concerning the isotopic alteration between 
separate organic pools, in order to accurately describe both the source and transformation 
of N within oceanic systems via the natural distribution of stable isotopes.  Basin-scale 
nitrogen isotope mapping provides information on spatial variation of “new” N inputs 
and movement through these food webs (Montoya et al. 1992, Waser et al. 2000, Dore et 
al. 2002, Mino et al. 2002, Montoya et al. 2002), and can further provide a rough estimate 
of the standing stock of exportable POM out of the euphotic zone (Eppley & Peterson 
1979).   
 The North Atlantic Ocean is the best sampled oceanic basin, and high N2-fixation 
rates in the basin have been measured from both shipboard experiments and geochemical 
approaches (Mahaffey et al. 2005).  Strong vertical thermal stratification is constant in 
the tropical North Atlantic (south of 25°N), and most pronounced during the summer 
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months in the subtropics.  In the subtropics, deep convective mixing occurs during the 
winter months, deepening the mixed layer to ~300m.  With the coming spring, greater 
light penetration, a shallower mixed layer depth, and abundant nutrients from winter 
mixing facilitates a phytoplankton bloom that lasts several weeks to a month.   Biological 
production and subsequent export of OM out of the mixed layer quickly removes N from 
this zone.  The mixed layer remains N-depleted throughout the summer months, and 
recycling and allochthonous N inputs stimulate primary production. External N inputs 
originate from infusion of deep NO3- through upwelling, diapycnal mixing and eddy 
diffusion, or from N inputs via N2-fixing organisms. The two dominant N sources (i.e., 
deep NO3- and N2-fixation) have distinct isotopic signatures (4.5‰ versus -2‰, 
respectively), providing a suitable environment to model the isotopic mass balance of 
nitrogen isotopes within the mixed layer.   Our isotope mass balance model allows us to 
trace biologically mediated input, transformation and export of organic N through the 
mixed layer and into deeper waters.   
 Previous studies have used stable N isotopes to determine the relative contribution 
of N2-fixation to suspended particles (Waser et al. 2000, Mino et al. 2002, Montoya et al. 
2002, Reynolds et al. 2007) and mesozooplankton (Montoya et al. 2002).  However, to 
our knowledge, no study has assessed basin-wide lateral and vertical (below the mixed 
layer) variation in δ15N of both suspended particles and mesozooplankton in the STNA.  
Finer spatial and vertical resolution of δ15N distributions helps constrain the geographical 
and vertical ND contribution to oceanic food webs in the STNA.  Here we report on N 
stable isotope measurements of a basin-scale set of vertically resolved samples of 
suspended particles and mesozooplankton).  We separated mesozooplankton by size, 
providing insight into the movement of N into and through oceanic food webs of 
oligotrophic systems.  The depth-integrated isotopic composition of both particles and 
zooplankton provides a platform for discussing the importance of biologically mediated 
input, transformation and export of new N in oceanic gyres. 
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4.2 Materials and Methods 
 Seawater and plankton samples were collected on R/V Seward Johnson cruise 
SJ0005 (April 25 – May 24 2000), from Ft. Pierce, FL to the Canary Islands (Figure 4.1).  
Water samples were collected using a CTD -rosette system, equipped with a fluorometer.  
Suspended particles were collected by gentle pressure filtration of 1.5-18 liters of 
seawater through pre-combusted (450°C for 2 h) 45-mm GF/F filters that were dried at 
60°C and stored over desiccant for analysis ashore.  For isotopic and elemental analysis, 
filters containing particle samples were trimmed to remove the particle-free edge, then 
cut into quadrants or halves that were pelletized in tin capsules.  Seawater nutrient 
analysis was performed at sea using a Lachat QuickChem 8000 FIA nutrient analyzer.   
 Mesozooplankton were collected either in diagonal tows of a meter net (333-µm 
mesh) through the upper 100m of the water column or with a 1-meter MOCNESS (333-
µm mesh size) deployed to sample zooplankton within 100-m vertical depth increments 
through the upper 500m of the water column.  The MOCNESS flowmeter was used to 
calculate the total volume of seawater filtered through each net, but the volume of 
seawater filtered through the meter net was not measured.  Animals were separated into 
size fractions by passage through a set of graded Nitex sieves (4000µm, 2000µm, 
1000µm, 500µm, 250µm) and then immediately frozen.  Once ashore, zooplankton 
samples were dried at 60°C and ground into a fine powder, which was then sub-sampled 
and pelletized in tin capsules for isotopic analysis.  All zooplankton size fractions were 
weighed after drying to obtain total dry weight (mg) of the zooplankton collected at each 
station. 
 All natural abundance N isotope measurements were made by continuous-flow 
isotope-ratio mass spectrometry (CF-IRMS) using one of two instruments: a Micromass 
Optima at Georgia Tech, or either a Finnigan MAT-251 or Micromass Isoprime at 
UMass-Dartmouth.  Each mass spectrometer was interfaced to an elemental analyzer for 
online combustion and purification of sample nitrogen and carbon.  Carbon isotope data 
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will be presented elsewhere.  The CF-IRMS systems used were intercalibrated by running 
a variety of isotopically characterized organic (peptone, acetanilide, methionine, 
histidine, and glycine) and inorganic (KNO3 and NH4Cl) standards.  All nitrogen isotope 
abundances are reported as δ15N values relative to atmospheric N2.  Each analytical run 
included a size series of elemental (acetanilide or methionine) and isotopic (peptone) 
standards, which provided a check on the stability of the instrument and allowed us to 
remove the contribution of any analytical blank from our isotopic measurements 
(Montoya 2008)  In almost all cases, the blank was trivially small relative to the samples 
run and a blank correction was unnecessary.  We conservatively estimate that the overall 
analytical precision of our isotopic measurements is better than ±0.1‰. 
 Diazotrophic N contribution was calculated for both particles and zooplankton 
using the isotope mass balance approach of Montoya et al. (2002).  However, reference 
values for zooplankton were updated to include δ15N values obtained from zooplankton 
collected on more recent cruises in both the North Atlantic and the South Pacific (Table 
4.1).  Reference values included zooplankton that were collected in the upper 100m of the 
water column between 3°N and 3°S of both the Atlantic and Pacific Oceans, a region 
where surface processes should be dominated by deep NO3- inputs via equatorial 
upwelling.   
 The mean δ15N of particulate nitrogen (PN) in the upper water column was 
calculated by trapezoidal integration as a function of depth:  
  
(4.1)
 
where PNi represents the PON concentration (µM), δ15Ni represents the isotopic 
composition of suspended particles, and ∆zi is the depth interval (m) represented by 
sample (i) (Montoya et al. 1992).  Similarly, we calculated the mean depth- and biomass-
integrated δ15N for individual mesozooplankton size fractions as: 
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(4.2)
 
where Bij and δ15Nij are the biomass and δ15N, respectively, of zooplankton in size class 
(j) in interval (i) of thickness ∆zi. 
 Spatial variation in δ15N of suspended particles (δ15NSP) was evaluated using 2-
way ANOVA with both depth and longitude as independent variables.  Alternatively, 
δ15N values of mesozooplankton (δ15NZP) were compared using a general linear model  
(GLM), which included two fixed variables, size fraction and time of collection (Day or 
Night), while treating depth and longitude as covariates.  Daytime (0600-1800), local 
time) and nighttime (1800-0600) categories were used to evaluate the isotopic variation 
associated with diel vertical migration through the water column.  A full factorial design 
was used in all analyses in order to determine interactions between variables.  All non-
significant variables and interactions (p > 0.05) were removed in a follow-up reduced 
model to increase the statistical power of our GLMs.   
 Latitudinal comparisons of δ15NZP values were performed using an ANCOVA that 
compared mean δ15NZP at southern stations (Leg 1 – stations 7, 9, 10) that overlapped 
with more northern stations (Leg 3 – stations 20, 22, 24), where latitude (North or South) 
and size fraction were fixed variables, and depth and longitude were included as 
covariates.  All non-significant variables and interactions (p > 0.05) were removed from 
our analysis. In all statistical tests, p-values <0.05 were considered significant. 
4.3 Results 
4.3.1 SJ0005 Leg 1 – Stations 2-10 
 Leg 1 extended from station 2 (29°3.6’N, 76°42.6’W) eastward to station 3 
(29°4.8’N, 74°N51.6’W), southwest to station 5 (27°30’N, 72°49.8’W), and finally due 
east to station 10 (27°29’N, 66°0.3’W).  We do not focus on Leg 1, due to spatial gaps in 
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Table 4.1 - Mean reference δ15N values (‰) for mesozooplankton collected in both the 
northern tropical Atlantic and southern tropical Pacific Oceans between 3°N and 3°S.  
Error is represented by ±1 standard deviation. 
 
Mean Reference Zooplankton δ15N Values (‰) 
     
Size Fraction SJ0609 – 
Atlantic Ocean 
SJ9603 – 
Atlantic Ocean 
KM0704 – 
Pacific Ocean 
All Cruises 
     
>4000 4.5 ± 1.3 N/A 5.0 ± 0.6 4.7 ± 1.2 
2000-4000 5.4 ± 0.8 6.9 ± 0.7 5.6 ± 0.5 5.8 ± 0.9 
1000-2000 4.1 ± 0.5 6.1 ± 0.7 5.6 ± 0.3 5.1 ± 1.0 
500-1000 4.0 ± 0.9 5.5 ± 0.8 3.0 ± 0.4 4.3 ± 1.2 
250-500 3.2 ± 0.9 4.5 ± 1.0 4.2 ± 0.4 3.7 ± 0.9 
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δ15NSP and δ15NZP data, and only use the data acquired along this transect for latitudinal 
comparisons for stations that overlap in longitude with Leg 3.  
4.3.2 SJ0005 Leg 2 – Stations 10-17 
 Leg 2 extended northwestward from Station 10 (27°29’N, 66°0.3’W) to station 17 
(32°16’N, 75°W) (Figure 4.1).  In the upper 500m of the water column, temperatures 
ranged from 16-22°C, coinciding with σt values that ranged from 25-26.5 (Figure 4.2A).  
Both temperature and salinity shoaled west of 70-75°W.  The 1-µM NO3- contour ranged 
between 75-200m along Leg 2, with considerable spatial variation (Figure 4.2B).  Our 
fluorometric measurements show a clear pigment maximum around the base of the mixed 
layer, with an average depth of 75m west of 71°W and deepening to ~125m east of 71°W 
(Figure 4.2B).   
 δ15NSP values differed significantly with depth (GLM, F-ratio = 13.68, dF = 1, p 
<0.001) exhibiting higher δ15NSP values below the mixed layer (4-8‰) than in the upper 
100m (0-4‰).  δ15NSP values did not differ significantly with longitude along this 
transect (GLM, F-ratio = 1.41, dF = 1, p = 0.24) (Figure 4.3).  Higher δ15NSP values also 
occurred below 125m at stations located on the western (74°30’W-75°W) and eastern 
ends (66°W-68°W) of Leg 2, where δ15NSP ranged between 6-8‰.  Two features 
(Labeled A & B in Figure 4.3) of lower δ15NSP values (0-2‰) occurred along this 
transect: the westernmost between 72°W-74°30’W and the easternmost between 71°W-
67°30’W.  These zones were distinctly different in their vertical structure. The western 
feature occupied the uppermost 25-125m of the water column, while the eastern feature 
spanned the entire upper 250m of the water column, with the lowest isotopic values in the 
upper 75 m.  In these two regions, diazotrophs contributed up to 80% of the N in the 
suspended particles.  
 δ15NZP values ranged from 1-7‰ along this transect, with lower values tending to 
occur in the upper 200m of the southeastern end of the transect (Figure 4.4).   
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Figure 4.2 - Color contour plots showing A) in-situ temperature (°C) and σT, and B) 
Nitrate (µM) and fluorometric measurements taken along Leg 2 of cruise track SJ0005, a 
SE to NW transect in the western subtropical North Atlantic Ocean. Figure was prepared 
using Ocean Data View (Schlitzer 2008). 
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Figure 4.3 – Color contour plots showing δ15N (‰) and the corresponding diazotroph N 
contribution to suspended particles collected along Leg 2 of cruise track SJ0005, a SE to 
NW transect in the western subtropical North Atlantic Ocean.  In the top figure, feature A 
and B are labeled as described in the text. Figure was prepared using Ocean Data View 
(Schlitzer 2008). 
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Figure 4.4 – Color contour plots showing δ15N (‰) and diazotroph N contribution (%) to 
mesozooplankton communities along Leg 2 of cruise track SJ0005, a SE to NW transect 
in the western subtropical North Atlantic Ocean. Figure was prepared using Ocean Data 
View (Schlitzer 2008). 
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Figure 4.5 - Weighted mean δ15N (‰) of both suspended particles and mesozooplankton 
within the upper 500m of the water column along Leg 2 of cruise track SJ0005, a SE to 
NW transect in the western subtropical North Atlantic Ocean. 
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δ15NZP values did not differ significantly between mesozooplankton size classes (GLM, 
F-ratio = 0.72, dF = 4, p = 0.3), but were significantly different with time of collection 
(day versus night) (GLM, F-ratio = 4.49, dF = 1, p < 0.001), depth (GLM, F-ratio = 
97.17, dF = 1, p < 0.001), and longitude (GLM, F-ratio = 114.0, dF = 1, p < 0.001).  We 
did not observe any significant interaction effects between factors in this model.  Also, 
δ15NZP generally increased with depth in the water column (Figure 4.4).  Finally, δ15NZP 
values ranged from 1-3‰ in the upper 200m of the water column at the southeastern end 
of leg 2 (east of 68°W), but ranged between 4-5‰ west of 68°W.  We estimate that 
mesozooplankton communities east of 68°W derived a considerable amount of their N 
from diazotrophs, ranging from 20-50% in the upper 200m and 10-20% between 200-
500m of the water column.  
 Weighted mean δ15N varied from  -0.09-4.0‰ for suspended particles, 1.9-3.7‰ 
in mesozooplankton caught in the upper 100m, and 2.8-4.7‰ in zooplankton caught 
below 100m (Figure 4.5).  Weighted mean δ15N for both suspended particles and 
mesozooplankton caught in the upper 100m fell below typical values for deepwater NO3- 
(~4.5‰), but weighted mean δ15N for mesozooplankton captured below 100m were 
predominantly higher (Figure 4.5). 
 Suspended particles exhibited lower weighted mean δ15N values than 
mesozooplankton at all stations except for Station 10, located at the southeastern end of 
Leg 2.  Overall, there was no significant correlation between suspended particle and 
mesozooplankton δ15N (<100m: Pearson’s Correlation: r = -0.36, p = 0.8; 100m-500m: r 
= -0.26, p = 0.8), but there was a significant correlation between δ15N of zooplankton 
caught above and below 100m (r = 0.99, p = 0.01)  
4.3.3 SJ0005 Leg 3 – Stations 17-49 
 The third leg of SJ0005 spanned the subtropical North Atlantic from station 17 
(32°16’N, 75°W) to station 49 (32°16’N, 21°16’W) (Figure 4.1).  Temperature ranged 
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Figure 4.6 - Color contour plots showing hydrographic data of the water column along 
Leg 3 of cruise track SJ0005, a zonal transect spanning the subtropical North Atlantic 
Ocean at 32°N.  Panel A shows seawater in-situ temperature (°C) and σT in the upper 
500m, while Panel B shows both nitrate concentrations (µM) and fluorometric 
measurements observed along the same transect, but only within the upper 250m. Figure 
was prepared using Ocean Data View (Schlitzer 2008). 
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Figure 4.7 - Color contour plots showing δ15N (‰) and diazotroph N contribution (%) to 
zooplankton communities along Leg 3 of cruise track SJ0005, a zonal transect spanning 
the subtropical North Atlantic Ocean at 32°N.  In the top figure, feature C and D are 
labeled as described in the text. Figure was prepared using Ocean Data View (Schlitzer 
2008). 
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from 14-22°C in the upper 500m of the water column, with cooler water shoaling 
eastward (Figure 4.6A).  σT values ranged from 25.5 to 28, and isopycnals shoaled 
towards the east, converging on a value of 27 in the upper 200m of the water column.  As 
with Leg 2, NO3- values were below the limits of detection in surface waters (<50m), and 
the depth of the 1µM contour ranged from 100-150m across the transect, deepening 
steadily from 100m to 150m east of 60°W until rebounding back to 100m at the end of 
the transect (Figure 4.6B).  Fluorometric measurements taken across this transect showed 
a clear pigment maximum 75-100m across most of the basin, but deepening to between 
100-125m in the central North Atlantic between 35-50°W (Figure 4.6B). 
 δ15NSP values differed significantly with depth (GLM, F-ratio = 103.12, dF = 1, p 
< 0.001), ranging from 1-4‰ in the mixed layer, and increasing with depth (range: 4-
7‰) below 100m (Figure 4.7).  δ15NSP values did not vary significantly with longitude 
(GLM, F-ratio = 0.078, dF = 1, p = 0.8) and we found no significant interaction between 
depth and longitude (GLM, F-ratio = 0.24, dF = 1, p = 0.6). δ15NSP values of the upper 
water column and deeper waters differed significantly, as shown by the 3‰ and 4‰ 
contours that span the basin at 100-125m and 125-150m, respectively.  Below these 
contours, δ15NSP values ranged from 5-7‰, with the greatest values on the eastern and 
western ends of Leg 3.  At depths from 150-250m, δ15NSP values were lower in the region 
between 55-75°W (3.5-5‰) than at any other station east of  75°W.  Although there were 
no statistically significant differences in δ15NSP values with longitude, several features 
with pronounced low δ15NSP values appeared in the upper 125m of the water column.  
Specifically, two very large regions (Labeled C & D – Figure 4.7) containing particles 
with a δ15N ranging between 1-2‰ (the lowest δ15NSP values reported along this transect) 
occurred between 65-75°W and 30-60°W.      
 δ15NZP values increased significantly with increasing size (GLM, F-ratio = 12.23, 
dF = 1, p < 0.001), greater depth (GLM, F-ratio = 258.99, dF = 1, p < 0.001) and toward  
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Figure 4.8 - Color contour plots showing δ15N (‰) and diazotroph N contribution (%) to 
mesozooplankton communities along Leg 3 of cruise track SJ0005, a zonal transect 
spanning the subtropical North Atlantic Ocean at 32°N. Figure was prepared using Ocean 
Data View (Schlitzer 2008). 
   
 83 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.2 - Least squares means of δ15N (‰) (±1 S.E.) of mesozooplankton size fractions 
collected along Leg 3 of cruise track SJ0005, a zonal transect spanning the subtropical 
North Atlantic Ocean at 32°N. 
 
Size Fraction (µm) Mean δ15N (‰)  
250-500 4.4±0.07 
500-1000 4.9±0.07 
1000-2000 5.0±0.07 
2000-4000 5.0±0.07 
>4000 5.3±0.07 
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Table 4.3 – Least squares means of δ15N (‰) of mesozooplankton size fractions collected 
during the daytime (0600-1800) or nighttime (1800-0600) along Leg 3 of cruise track 
SJ0005, a zonal transect spanning the subtropical North Atlantic Ocean at 32°N. 
 
δ15N (‰) 
Size Fraction (µm) 
Daytime Nighttime 
250-500 4.38 ± 0.08 4.53 ± 0.12 
500-1000 4.69 ± 0.08 5.27 ± 0.12 
1000-2000 4.72 ± 0.08 5.52 ± 0.12 
2000-4000 4.97 ± 0.08 5.29 ± 0.12 
>4000 5.05 ± 0.08 5.71 ± 0.12 
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Figure 4.9 - Weighted mean δ15N (‰) of both suspended particles and mesozooplankton 
within the upper 500m of the water column along Leg 3 of cruise track SJ0005, a zonal 
transect spanning the subtropical North Atlantic Ocean at 32°N. 
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the east (GLM, F-ratio = 94.97, dF = 1, p < 0.001) along this zonal transect (Figure 4.8).  
The smallest zooplankton (250-500µm) exhibited the lowest mean δ15N values (Table 
4.2).  For all size fractions, δ15NZP values remained between 3-4‰ in the upper 200m and 
increased to 5-7‰ below 200m.  While values ranged from as high as 4-5‰ in the upper 
500m of the water column west of 50°W, δ15NZP values ranged from 5-7‰ east of 50°W.  
Finally, we observed significantly higher δ15NZP values for all mesozooplankton (i.e., all 
size fractions) collected at night (Mean = 4.40‰ ± 0.06 (±1SE)) versus zooplankton 
collected during the daytime (Mean = 3.86 ± 0.24 (±1SE)) (GLM, F-ratio = 58.99, dF = 
1, p < 0.001).  Zooplankton size class also influenced differences in δ15NZP values 
(Interaction effect: Size*Time of Collection - GLM, F-ratio = 3.31, dF = 1, p = 0.01), 
where all zooplankton size classes, except for the smallest size fraction, exhibited 
significantly higher δ15NZP values in night tows (Table 4.3). 
 The overall biomass weighted mean of δ15NSP and δ15NZP in the upper 100m of 
the water column were 2.0 ± 0.7 and 3.8 ± 0.5, respectively, while average δ15NZP below 
the mixed layer (100-500m) was 4.7 ± 0.5 (Figure 4.9).  These means differed 
significantly (ANOVA with Tukey’s post-hoc test, p < 0.001).  The weighted mean 
δ15NSP was positively correlated with the δ15NZP caught in the upper 100m (Pearson’s 
correlation: r = 0.51, p = 0.03).   
4.3.4 North-South comparisons: Leg 1 (Stns. 7, 9, 10) & Leg 3 (Stns. 20, 22, 24) 
 Mean δ15NZP values of all zooplankton collected in the upper 500m were 
significantly lower in the southern stations (M = 3.34‰, SE = ±0.08) than in the northern 
stations (M = 4.79‰, SE = ±0.08) (GLM, F-ratio = 152.46, dF = 1, p < 0.001) in the 
western Atlantic.   δ15NZP values also differed significantly between size fractions (GLM, 
F-ratio = 5.66, dF = 4, p < 0.001), where δ15NZP values were lowest for the smallest (250-
500µm) mesozooplankton (3.6‰ ± 0.13) and highest for the largest (>4000µm) 
zooplankton (4.5‰ ± 0.13, respectively).  δ15NZP values of other size classes 
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Table 4.4 – Mean δ15N (‰) of zooplankton collected along two zonal transects that 
overlap with longitude, but differ in latitude (27°N versus 32°N).  Northern stations 
represent stations where zooplankton were collected at 32°N and southern stations at 
27°N.  Error is represented by ±1 standard error.  ∆δ15N are differences in mean values 
for δ15NZP between North and South stations. 
 
Size Fraction (µm) North Stations South Stations ∆ δ
15N 
(North-South) 
250-500 4.55 ± 0.18 2.69 ± 0.18 1.87 
500-1000 4.89 ± 0.18 3.16 ± 0.18 1.73 
1000-2000 4.87 ± 0.18 3.38 ± 0.18 1.49 
2000-4000 4.79 ± 0.18 3.32 ± 0.18 1.47 
>4000 4.83 ± 0.18 4.18 ± 0.18 0.65 
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(500-4000µm) were ~4‰ ± 0.13.  Further analysis also showed that δ15NZP values 
differed significantly between northern and southern stations among different size 
fractions (Interaction effect: Latitude*Size).  The smallest zooplankton exhibited the 
greatest difference in δ15N between North and South stations, while differences between 
locations declined with increasing zooplankton size (Table 4.4).  Finally, mean δ15NZP 
values of all zooplankton differed significantly with depth in the water column (GLM, F-
ratio = 76.41, dF = 1, p < 0.001). 
4.4 Discussion 
 Distributions of N isotopes can reveal the major N sources supporting primary 
production in oligotrophic oceans, while also providing information on the structure and 
function of oceanic food webs.  Depth and mass integrated δ15N values for both 
suspended particles and mesozooplankton are crucial components in evaluating the extent 
to which N2-fixation supports both primary and secondary producers, and the movement 
of that N into higher trophic levels.  Our data extend the existing body of stable isotope 
measurements documenting the importance of N2-fixation not only to primary producers, 
but also to mesozooplankton (Montoya et al. 1992, Dore et al. 2002, McClelland & 
Montoya 2002, Montoya et al. 2002, Montoya et al. 2004, Holl et al. 2007, Reynolds et 
al. 2007).  Overall, along Leg 2 and 3, both δ15NSP and δ15NZP observed in the mixed 
layer were significantly lower than mean deepwater δ15NO3-, suggesting considerable 
inputs of N by N2-fixing organisms.  δ15NSP values were consistently low (0-4‰) in the 
upper 100m, but reveal several lower δ15NSP features  (-2 to 0‰) spanning hundreds to 
thousands of kilometers.  These features represent areas of more intense N inputs via 
diazotrophs.  Given these isotopic trends, we estimate that diazotrophs contributed up to 
80% and 100% of suspended particle N along Leg 2 and 3, respectively.  
 Low δ15NZP values also suggest that mesozooplankton are actively incorporating 
diazotroph N, and although spatially variable, diazotrophs contributed up to 65% and 
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30% of zooplankton N along Leg 2 and 3, respectively.  Our isotope data suggest that 
smaller zooplankton (<1000µm) remained in the upper 200m of the water column, but 
larger zooplankton tended to move more extensively throughout the upper 500m.  Higher 
δ15N values of mesozooplankton collected at night between 100 and 200m suggest that 
migrants rely less on diazotroph N than animals that remain in the mixed layer 
throughout the day. This may reflect greater carnivory among migrants and/or active 
feeding at depth during the day. 
 δ15NZP were generally higher for all size fractions at the easternmost 2 stations.  
Higher δ15NZP values and consistently low δ15NSP further suggests that diazotroph N is 
available, but not readily assimilated by mesozooplankton relative to food webs in the 
western North Atlantic.  
4.4.1 Trends in δ15NSP and diazotroph N contribution 
 Along both Leg 2 and Leg 3, lower δ15NSP values above the base of the mixed 
layer suggest considerable diazotroph N contribution to suspended particles.  Higher 
diazotroph N contribution in the mixed layer is not surprising, given that diazotrophs and 
diatom/diazotroph assemblages (DDAs) are often found at high abundance in the 
uppermost regions (<75m) of the mixed layer (Letelier & Karl 1996, 1998, Carpenter et 
al. 1999, Carpenter et al. 2004, Davis & McGillicuddy 2006, Foster et al. 2007).  Fewer 
studies have mapped the vertical distribution of unicellular diazotrophs, but recent 
molecular studies suggest that these organisms are distributed throughout the mixed layer 
(Church et al. 2005, Langlois et al. 2008).  Increasing δ15NSP values with depth below the 
mixed layer suggests increased remineralization of POM, and thus, enrichment of those 
particles in 15N, which is typically mediated by microbial decomposition of POM (Macko 
et al. 1994, Lehmann et al. 2002). 
 We also observed lateral variation in δ15N of suspended particles within the mixed 
layer.  On the northwesterly transect (e.g., Leg 2), two features with low suspended 
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particles δ15N values in surface waters were evident. The first feature occurred in the 
upper 100m, close to the northwestern corner of the track at Station 17.  The second 
feature is much larger both laterally and vertically in the water column, spanning Stations 
11-14 (67°W to 71°W) and reaching depths up to 200m at Station 12 (29°N, 68°30’W) 
(Figure 4.2).  Low δ15NSP values in both features suggest that diazotrophs are very active 
in these areas, contributing 74% and 80% of particle N at the core of the features, 
respectively.  Diazotroph N contribution to suspended particle pools decreases with 
distance away from the center of each feature (20-50% of the particle biomass).  
Although we have no floristic or satellite evidence of diazotroph bloom conditions during 
these two features, large diazotroph blooms can have a major influence on the stable N 
isotope compositions of suspended particles within the water column (Capone et al. 1998, 
Carpenter et al. 1999).   
 Leg 3 also contains several low δ15NSP features in the upper 100m (Figure 4.7), 
between Stations 17-23 (75°W to 66°40.2’W), Stations 28-31 (63°59.89’W to 
59°36.23’W), and Stations 37-38 (49°45.05’W to 47°59.96’W), where diazotrophs 
contributed up to 100% of suspended particles N content.  The lowest δ15NSP values, 
though, occur at depths between 50-100m between Stations 17-26 (74°W-64°W) and 
Stations 34-45 (55°W-21°W) (Figure 4.7).  Suspended particles within these two features 
derived up to 100% and 70% of their N from diazotrophs, respectively. 
4.4.2 Trophic interactions: Utilization and movement of diazotroph N 
 Depth and mass integrated mean δ15N can reveal overall diazotroph N 
contribution to the food web, while also revealing spatial and vertical trends in N 
movement between the suspended particle N pool and mesozooplankton community. 
Along both Leg 2 and 3, low weighted mean δ15NZP within the mixed layer suggest that 
diazotrophs contribute a significant amount of N to mesozooplankton community 
biomass.  Longer lifetimes, and therefore longer N turnover times, of mesozooplankton 
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(e.g., weeks to months) relative to phytoplankton (e.g., days) suggest that diazotrophs 
have been contributing N to these communities over longer timescales than the average 
turnover time of particles.   
 Along Leg 2, positive correlations between weighted mean δ15NZP values within 
and below the mixed layer suggest that shallow and deeper mesozooplankton are 
coupled, despite overall higher δ15N for mesozooplankton caught at greater depths 
(Figure 4.5).  Minimal overlap in data between weighted mean δ15NSP and δ15NZP make 
similar comparisons between these two organic pools difficult (Figure 4.5).  However, 
similar isotopic shifts between particles and mesozooplankton from station 16 to 17 
(northwesternmost stations) suggest that particles and mesozooplankton are also closely 
correlated. Higher weighted mean δ15NSP values relative to δ15NZP values at the 
southeasternmost station could have been driven by a recent intermittent influx of N form 
another source other than via diazotrophs (e.g., vertical advection of deep NO3-), but had 
not been integrated into mesozooplankton biomass. 
 Along Leg 3, significant positive correlations between the weighted mean of 
δ15NSP and δ15NZP for zooplankton within and below the mixed layer, suggest tight 
coupling between surface particles and zooplankton throughout the water column.  Mean 
∆δ15N between suspended particles and mixed layer mesozooplankton caught in the 
upper 100m was 1.6‰ ± 0.6, and 1.9‰ ± 0.7 along Leg 2 and Leg 3, respectively (Figure 
4.5 & 4.9).  Overall these ∆δ15NZP-SP values equate to about half the typical 3.4‰ 
fractionation between consumer and food source (Deniro & Epstein 1981, Minagawa & 
Wada 1984), and suggest that mesozooplankton have heterogeneous diets from food 
sources that are most likely influenced by microbial community N dynamics.   
We also observed similar isotopic shifts between shallow and deep mesozooplankton 
communities.  Mean ∆δ15N between shallow and deep mesozooplankton (∆δ15NZP,∆Z = 
δ15NZP-100-500m - δ15N ZP-upper100) was 1.7‰ ± 0.3 and 1.5‰ ± 0.9 along Leg 2 and 3, 
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respectively, again suggesting that mesozooplankton caught below the mixed layer were 
~0.5 trophic steps removed from mesozooplankton caught in the mixed layer.  These 
δ15NZP,∆Z values suggest that deeper mesozooplankton are incorporating particles from 
deeper waters (with higher δ15N), or they are consuming a higher proportion of surface 
mesozooplankton (i.e., carnivory) relative to surface particles.  
4.4.3 Trends in δ15NZP and diazotroph N contribution 
 The δ15N of zooplankton reflects the N sources supporting secondary production 
in these waters.  Although many species of mesozooplankton were present in our 
collections, marine mesozooplankton community structure is often strongly size-
dependent, and pooling these organisms provides an estimate of aggregate mean 
utilization and transfer efficiency of N between food source and consumer.  Our 
observations are consistent with previous studies that show modest increases in δ15N of 
marine mesozooplankton with increasing size class (Minagawa & Wada 1984, Montoya 
et al. 1992, Fry & Quinones 1994, Montoya et al. 2002).  15N content often increases with 
trophic position because of preferential metabolic losses of 14N in the food web (Deniro 
& Epstein 1981, Minagawa & Wada 1984, Post 2002).  Along Leg 2, δ15NZP increased 
slightly with increasing zooplankton size, but δ15NZP values were not significantly 
different from one another (~4.1-4.7 ± 0.21‰).  Along Leg 3, δ15NZP increases with 
increasing zooplankton size, which is consistent with a general scaling of δ15N with 
trophic position (Deniro & Epstein 1981, Minagawa & Wada 1984, Montoya et al. 1990, 
Montoya et al. 1992, Fry & Quinones 1994, Montoya et al. 2002) (Table 4.2).  However, 
δ15NZP values between the size fractions from 500µm-4000µm did not differ significantly 
(Table 4.2), suggesting minimal 15N enrichment with size in this size range.  
 Along Leg 2, δ15N of the smallest zooplankton showed little δ15N variation with 
depth, especially above the base of the mixed layer (~3-4‰).  Our results suggest that 
small zooplankton (250-1000µm) do not incorporate much diazotroph N (<10%) within 
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the mixed layer, instead deriving a larger portion of their biomass from non-diazotroph 
particles (e.g., detritus).  However, low δ15N values of small zooplankton in the mixed 
layer at the southeastern end of Leg 2 (stations 10 - 14) suggested considerably higher 
diazotroph N contribution (10-60%) to these mesozooplankton, with a peak contribution 
at station 11 (Figure 4.4).  Low δ15NZP observed for all other size fractions from stations 
10-14 suggests efficient diazotroph N transfer (upwards of 65%) to the entire 
mesozooplankton community both within the euphotic zone, and deeper in the water 
column (Figure 4.4).  Diazotroph N contribution to mesozooplankton communities 
decreases northwest of these stations, and was consistently higher in larger 
mesozooplankton (>1000µm), reaching up to 29% in the euphotic zone at station 16.  
There was little diazotroph N contribution to mesozooplankton below the mixed layer 
northeast of station 14.  Diazotrophs contributed up to 20% of the N for larger 
zooplankton (>1000µm) caught in the upper 200m of the water column, but contributed 
<10% N to mesozooplankton caught below 200m. However, the 2000-4000µm 
mesozooplankton caught between 100-300m depth incorporated considerable fraction of 
diazotroph N (10-20%).  Zooplankton within the 2000-4000µm size fraction derived the 
highest percentages of their N from diazotrophs with respect to the other size classes, 
both spatially along the transect, and vertically within the water column.  
 We observed somewhat different vertical and lateral trends in diazotroph N 
contribution to mesozooplankton along Leg 3.  δ15N of the smallest zooplankton showed 
minimal variation along Leg 3, and especially above the base of the mixed layer (~3-
4‰). Our isotope mass balance calculations suggest that small mesozooplankton (250-
1000µm) had not incorporated much diazotroph N (<10%) within the euphotic zone, but 
ingested a larger portion of non-diazotroph particles (e.g., detritus). No other size fraction 
showed such a consistent trend spanning the basin within this depth range.  
Mesozooplankton within the 500-1000µm size fraction followed a pattern similar to the 
smallest zooplankton, although diazotrophs contribute more N to these animals deeper in 
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the water column in the central portion of the gyre (~5-10%).  Conversely, δ15N values 
for larger zooplankton (>1000µm) a depth below the mixed layer suggest a greater 
vertical range of diazotroph N contribution for these animals.  Deeper mesozooplankton 
(>100m) incorporate diazotroph N, but this signal decreases with depth in all size 
fractions.  Diazotroph N contribution to the largest mesozooplankton size fraction 
(>4000µm) was vertically variable up to 400m, but values were generally low (<10%) 
(Figure 4.8).  However, mesozooplankton within the 1000-2000µm and 2000-4000µm 
size classes incorporated a considerable amount of diazotroph N (~5-20%) in the upper 
500m, suggesting that these animals are selectively feeding on food sources that are rich 
in diazotroph N, or have been incorporating diazotroph N for longer periods of time.   
 Along Leg 3, δ15NZP for all size fractions other than the smallest zooplankton 
increase eastward (Figure 4.8).  This trend is most noticeable in larger mesozooplankton 
(>2000µm) caught below the mixed layer.  Interestingly, the weighted mean δ15NSP does 
not change over the same run, suggesting that mesozooplankton are incorporating less 
diazotroph N in the eastern portion of the basin relative to the west, despite available 
diazotroph N in suspended particles (Figure 4.9).  These trends could be driven by 
differences in phytoplankton and/or mesozooplankton community structure across the 
basin, and/or less diazotroph N incorporation by larger migrating mesozooplankton.  For 
example, Montoya et al. (2007) show evidence that Trichodesmium occur more 
frequently in the western part of the tropical North Atlantic, while unicellular diazotrophs 
are more abundant in the eastern portion of the basin.  These zonal trends may extend 
northward to our study region (i.e., subtropical North Atlantic).  Long-term satellite 
imaging data of Trichodesmium bloom occurrences also show that major blooms, 
although infrequent, are more prevalent in the north western edge of the North Atlantic 
gyre, and largely absent from the north eastern part of the basin (Westberry & Siegel 
2006). 
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  Vertical patterns in diazotroph N contribution to mesozooplankton could have 
been driven, in part, by diel vertical migration (DVM).  Migrating mesozooplankton 
typically migrate upwards at dusk to feed in the euphotic zone, and then retreat into 
cooler, deeper waters at dawn to avoid predators (Zaret & Suffern 1976, Longhurst & 
Williams 1992, Osgood & Frost 1994, Pearre 2003).  DVM has been documented to be a 
significant contributor to the movement of nutrients (e.g., NH4+), POM, and DOM 
between the euphotic zone and deeper waters below the mixed layer (Dam et al. 1995, 
Steinberg et al. 2000, Al-Mutairi & Landry 2001, Frangoulis et al. 2005, Hernandez-Leon 
et al. 2008), but no study to date has assessed the relative contribution of diazotroph 
POM to migrating mesozooplankton.  Similar δ15N values for small (250-500µm) 
zooplankton between daytime and nighttime collections (Table 4.3) suggest that these 
mesozooplankton are not actively migrating below the base of the mixed layer.  In 
contrast to the smaller mesozooplankton, larger mesozooplankton (>500µm) also 
exhibited higher δ15N when collected at night relative during the daytime (Table 4.3 & 
Figure 4.10), suggesting movement of deeper zooplankton upwards in the water column 
at night.  Other studies have shown size-specific DVM, where larger animals migrated 
deeper than smaller zooplankton (Rodriguez & Mullin 1986, Madin et al. 2001).  Indeed, 
if we look at depth distributions of δ15N between day and night collections, we see a 
proportionally higher δ15N at all depths, which is most pronounced, but not statistically 
significant, within the 100-200m range (Figure 4.10).   
  Higher δ15NZP values of mesozooplankton during night tows suggests that we 
sampled different mesozooplankton at night, and potentially caught deeper, isotopically 
heavy mesozooplankton that were migrating into surface waters at night.  Higher ND of 
larger mesozooplankton (>1000µm) at depth suggests that these animals are potentially 
migrating upwards and consuming diazotroph N from either the suspended particle pool 
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Figure 4.10 - Mean δ15N (‰) of mesozooplankton collected at different depths during 
daytime and nighttime tows along Leg 3 of cruise track SJ0005, a zonal transect spanning 
the subtropical North Atlantic Ocean at 32°N.  Mesozooplankton were collected at 100m 
intervals, and the circles are plotted in the middle of these intervals.  The circles are also 
offset long the y-axis to show error bars (±1 S.D.). 
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and/or smaller mesozooplankton pool.  Thus, larger, isotopically heavier 
mesozooplankton may be ingesting diazotroph N and actively moving it into deeper 
water.  Migrant mesozooplankton diets are heterogeneous, including phytoplankton, 
micro- and meso-zooplankton, and detritus (e.g., marine snow) (Schnetzer & Steinberg 
2002).  However, the latter pool may be the most broadly used food source by migrant 
mesozooplankton.  For example, Schnetzer and Steinberg (2002) found that marine snow 
typically contributed >50% of the gut content for 3 prominent migrant mesozooplankton 
at BATS.  They also found that there was little seasonal variation in the presence of 
marine snow within the migrants’ guts, suggesting that marine snow is an integral part of 
their diet.  Thus, larger migrating mesozooplankton derive their N from various sources 
that could have accumulated diazotroph N directly or through the microbial loop. 
4.4.4 Mechanisms contributing to new N: Lateral and vertical trends 
 Overall, the mean diazotroph N contribution to suspended particles within the 
euphotic zone was 30% ± 15 (Leg 2) and 38% ± 11 (Leg 3).  Biological mechanisms 
influencing lower δ15NSP within the mixed layer include: 1) higher proportional 
contribution of diazotroph biomass, 2) direct diazotroph N release (e.g., DON, NH4+) and 
utilization by other phytoplankton and/or microbial populations, 3) diazotrophs N release 
through microbial (e.g., viral lysis, DON/NH4+ uptake and utilization via bacteria) and 
metazoan food web processes (e.g., zooplankton consumption and excretion).  Several 
types of diazotrophs live within the subtropical North Atlantic, such as cyanobacteria 
(Trichodesmium spp.), diazotroph/diatom assemblages (DDAs – Richelia/Hemiaulus), 
and several different groups of picocyanobacteria (e.g., Crocosphaera sp., Group As).  
Both Trichodesmium and Richelia/Hemiaulus POM are depleted in 15N, averaging 
between -1 to -2‰ (Carpenter et al. 1999, Montoya et al. 2002). Natural abundance 
measurements of δ15N for unicellular diazotrophs have not been published, but are most 
likely similar to those of other diazotrophs. Without more information concerning the 
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concentration and isotopic composition of other organic pools (e.g., DON, DIN), and the 
types and proportions of diazotrophs present within and below the euphotic zone, it is 
difficult to assess the efficiency of N transfer of through these systems, especially with 
regards to the microbial loop.  However, trophic transfers between the suspended particle 
pool and the mesozooplankton may provide information regarding the mechanisms 
responsible for N movement through the food web. 
 Crucial questions still remain concerning the dominant mechanism(s) facilitating 
N input into higher trophic levels by diazotrophs within the world’s oceans (Mulholland 
2007).  These uncertainties reflect our limited knowledge of diazotroph-mesozooplankton 
interactions and their role in N movement through food webs.  For example, although 
certain mesozooplankton (Macrosetella sp.) live on, and occasionally consume, 
Trichodesmium colonies (Oneil et al. 1996, O'Neil 1998, Sheridan et al. 2002, Eberl & 
Carpenter 2007), there is little evidence to suggest that zooplankton (including 
Macrosetella sp.) prefer to consume Trichodesmium.  Also, given the potentially harmful 
array of chemical compounds produced by marine cyanobacteria (Martins et al. 2007), 
including Trichodesmium (Bullard & Hay 2002), cyanobacterial diazotrophs may not be 
consumed widely by mesozooplankton.  Thus, diazotroph N may enter food webs 
primarily through diazotroph N release and uptake via other phytoplankton, and/or 
through the microbial loop.  Diazotroph N can be released through their metabolic 
activity (Mulholland et al. 2004, Mulholland et al. 2006, Mulholland 2007), through viral 
lysis (Hewson et al. 2004), through autocatalyzed, programmed cell death (PCD) 
(Berman-Frank et al. 2004), or through death and microbial remineralization.  Thus, other 
mechanisms can facilitate diazotroph N movement into higher trophic levels, than 
through direct consumption of diazotroph POM.  Despite the challenge in demonstrating 
transfer mechanisms of diazotroph N into mesozooplankton, our isotopic data suggest 
that, although laterally and vertically variable, mesozooplankton incorporate significant 
amounts of diazotroph N in the STNA.  Further work on compound-specific analysis of 
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mesozooplankton and their food sources may help elucidate the mechanisms and transfer 
efficiency of N between suspended particles and mesozooplankton, presenting a more 
detailed picture of diazotroph N movement through oceanic food webs. 
4.4.5 N isotope mass balance in the subtropical North Atlantic 
 Using the natural distribution of N isotopes to trace the inputs of “new” N via 
biological N2-fixation in oligotrophic systems requires the isotopic composition of N 
sources as well as other organic pools.  In the North Atlantic, three distinct N sources 
drive “new” production through deepwater NO3- upwelling/diffusion, atmospheric 
deposition (e.g., NO3-, NH4+) and biological N2-fixation.  These N sources also have 
distinct isotopic signatures: mean deep water δ15NO3- is ~4.5‰ (Sigman et al. 1997, 
Montoya et al. 2002), deposited N has a wider range of δ15N values ranging from 5 to -
14‰ (Cornell et al. 1995), and diazotroph POM typically has a low δ15N (-1 to -2‰) 
(Carpenter et al. 1999, McClelland et al. 2003, Capone et al. 2005, Holl et al. 2007). 
 Animal processes in the upper water column can produce low δ15NSP relative to 
deepwater δ15NO3- due to isotopic fractionation occurring during metabolism and 
excretion of isotopically light NH4+ (Checkley & Miller 1989).  However, as noted by 
Montoya et al. (2002), at steady state, animal processes in the upper water column should 
produce both δ15NSP and bulk δ15NZP equal to or lower than δ15NO3-, when N2-fixation is 
important.  Our data for Legs 2 & 3 closely match this pattern, with weighted mean 
δ15NSP and δ15NZP values below mean deepwater value of δ15NO3- values (Figures 4.5 & 
4.9).  We conclude then, that N2-fixation is exerting a major influence on upper ocean 
δ15N values and its food webs. 
 Other N sources (e.g., N deposition) could potentially alter the δ15N of organic 
matter (OM) in the water column, and affect our isotope mass balance calculations.  Input 
of N through atmospheric deposition may be globally important and may play a 
significant role in supporting production in the North Atlantic (Cornell et al. 1995, Duce 
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et al. 2008, Galloway et al. 2008).  Reactive N input from the atmosphere may involve 
either wet deposition via rainwater (e.g., NO3-, NH4+, DON), dry deposition of aerosols 
(including particles), and dissolution of gaseous species (e.g., NH3) (Baker et al. 2006, 
Duarte et al. 2006, Baker et al. 2007, Krishnamurthy et al. 2007, Shepon et al. 2007).  
Atmospheric sources of reactive N (both wet and dry) exhibit a wide range of δ15N values 
(-18‰ to 7‰), but typically have low δ15N values (<0‰) in the North Atlantic (Hastings 
et al. 2003, Baker et al. 2007).  N deposition is not uniform across the Atlantic basin, and 
this variation helps constrain the areas where wet and/or dry N deposition may influence 
surface production and OM isotopic composition.  For example, there is little annual 
precipitation in the central North Atlantic gyre, where most oceanic precipitation is 
heavily influenced by the Gulf Stream and generally occurs in the Northwestern part of 
the basin.  Areas with higher precipitation overlap with parts of Leg 2 and 3 of our cruise, 
and may affect our analysis of diazotroph contribution to organic pools in the upper 
ocean by altering the isotopic composition of both particles and zooplankton.  
Precipitation could also influence observed lower surface densities (σT) at the northwest 
and southeast edges of Leg 2 and the western portion of Leg 3 (west of 45°W) (Figures 
4.2A & 4.6A).  The low average rainfall along the middle stretch of Leg 2 and east of 
50°W of Leg 3, suggests that wet N deposition may not be as important in influencing the 
isotopic composition of organic pools in these regions.   
 To evaluate the potential influence of rainfall, we first need to determine the 
concentrations and isotopic values for deposited N species. Hastings et al. (2003) found 
seasonal variation in both concentration and isotopic composition of rainwater NO3- at 
Bermuda, which they attributed to changes in NO3- source during the year (lightning 
versus fossil fuel emissions).  NO3- concentration in rainwater ranged from 1.4 to 16.8 
µM and δ15NO3- ranged from -14 to 2‰ over the same period (January 2000-January 
2001).  For context, they also sampled rainwater collected in areas around Bermuda and 
found that rainwater δ15NO3- values were most negative to the north of Bermuda 
   
 101 
(~36°N), while values ranged from -4 to >0‰ south and west of Bermuda (Hastings et al. 
2003).    In the context of our data set, we rarely sampled in regions with extremely 
negative δ15NO3- values in rainwater, but δ15NO3- in rainwater was generally similar to 
diazotroph δ15NPON in our work area.  Given both mean rainfall (via TRMM/GIOVANNI 
– NASA) along our cruise track and the yearly mean concentrations for NO3- collected at 
Bermuda during January 2000-2001, we estimate that wet N deposition for the period of 
January-June 2000 could contribute 0.04 and 0.03 nmol N m-2 d-1, to the regions sampled 
by Leg 2 and 3 of our cruise, respectively.  
 Baker et al. (2007) also found low amounts of NH4+ in rainwater (~3µM) along a 
zonal transect in the North Atlantic basin at 10°N.  Given these concentrations, N inputs 
via NH4+ deposition would have been 0.03 and 0.02 nmol N m-2 d -1 for Leg 2 and 3, 
respectively, from January-June 2000.  Given both of these estimates, total N input (i.e., 
NO3- + NH4+) via wet deposition would be 0.07 and 0.05 nmol N m-2 d-1 for Leg 2 and 3, 
respectively, both of which are quite small relative to N2-fixation rates measured in the 
North Atlantic, albeit at lower latitudes (Capone et al. 1997, Capone et al. 2005, Montoya 
et al. 2007).   
 To evaluate the potential impact of atmospheric deposition, we can calculate the 
relative isotopic shift of suspended particles given N inputs and isotopic composition via 
biological N2-fixation and wet N deposition.  Isotopically, volume-weighted mean 
δ15NO3- found in rainwater during the warm season at BATS was -1.8‰ ± 1.7 (Hastings 
et al. 2003), which is very similar to diazotroph δ15NPON, as mentioned earlier (-2‰) 
(Carpenter et al. 1999, Montoya et al. 2002, Holl et al. 2007).  Given that both N sources 
are not isotopically distinct, we can simply compare input rates to determine the relative 
importance of the two sources.  For Trichodesmium sp., Capone et al. (2005) estimated 
that average areal N2-fixation rate was 239 µmol N m-2 d-1 within the tropical North 
Atlantic.  Given our estimate of mean N deposition (NO3- + NH4+) of 0.06 ± 0.01 nmol N 
m-2 d-1, the relative proportion of N form N2-fixation is several orders of magnitude 
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higher than wet N deposition ((N2-fixation rate)/(Wet N deposition rate) = 2.5 * 107). 
Thus, wet deposition is a minor source of N to our cruise track areas, and probably has 
little influence on the isotopic composition of organic pools therein.        
 Dry deposition in the North Atlantic is more difficult to estimate, especially 
considering the uncertainties inherent in estimating deposition velocities (Baker et al. 
2007).  Dry deposition can indeed add new N, such as NO3-, NH4+ and soluble organic 
nitrogen species to the mixed layer, but may be more important in the eastern portion of 
the basin due to its proximity to dust from the Sahara.  For example, Baker and 
colleagues (2007) found aerosol N influx to surface waters of the tropical North Atlantic 
(10°N) to be as high as N2-fixation rates, with the greatest contribution occurring in the 
eastern portion of the tropical North Atlantic (~20°W).  Other studies have also reported 
high dry N deposition in the eastern part of the North Atlantic (Baker et al. 2003, Baker 
et al. 2006, Duarte et al. 2006), but basin-wide N deposition and isotopic data are not 
available presently.   
 Without detailed knowledge of the origin of the aerosols, the underlying chemical 
reactions producing various NOx species, or the spatial variation in the inputs and 
isotopic composition of aerosols in the North Atlantic basin, it is difficult to evaluate the 
impact of N deposited on the isotopic composition of suspended particles and 
mesozooplankton along our cruise legs.  Geographically, dry N deposits may be 
negligible due to our cruise’s location within the North Atlantic basin (i.e., farther 
Northwest of major dust inputs from Africa).  Dry deposition also typically includes other 
limiting micronutrients for diazotroph growth (e.g., P, Fe) (Jickells 1999, Jickells et al. 
2005, Mahowald et al. 2005, Baker et al. 2006), it is difficult to predict the impact on 
phytoplankton community structure and δ15NPOM based on dry N deposition rates.  For 
example, although Baker et al. (2007) found that N deposition could be quite important 
relative to N2-fixation rates, depth integrated N2-fixation rates were positively correlated 
with P flux into the system via deposition.  Diazotroph N2-fixation is also co-limited by 
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Fe and P elsewhere in the Atlantic (Baker et al. 2003, Mills et al. 2004, Baker et al. 2007, 
Mills et al. 2008).  Future experiments should focus on the long-term effects of dust 
inputs on community structure and production in order to tease these isotope dilemmas 
apart.   
 Overall diazotroph N contribution to food webs in the subtropical North Atlantic 
 To our knowledge, our data set provides the first basin-scale overview of the role of 
diazotrophy in supporting biological production in the subtropical North Atlantic. Low 
δ15NSP values dominate the euphotic zone along all of our transects, suggesting 
significant inputs of new N from diazotrophs throughout our sampling region. Although 
our data show strong evidence for a significant diazotroph N contribution to suspended 
particles, it is impossible to resolve finer-scale transfer of N into and between separate 
organic pools within microbial communities.  Oceanic microbial food webs are often 
quite complex, and N transfer occurs frequently between bacteria and microzooplankton 
before entering into “classical” food webs that focus on metazoan populations.  
Compound-specific (AAs) isotopic analysis of DOM and POM may help resolve some of 
these issues in future studies.  However, despite these limitations, we observed trophic 
interactions between the suspended particle organic pool and size-fractionated 
mesozooplankton communities.     
 Despite consistently low δ15NSP within the mixed layer, δ15NZP values were 
spatially and vertically variable.  Lower δ15NZP values often coincided with low δ15NSP. 
Diazotroph influence was less pronounced in deeper mesozooplankton populations in the 
east with respect to the central and western portions of the basin, which may reflect 
temporal changes in N2-fixation  (i.e., bloom vs. post-bloom conditions) or basin-wide 
differences in either/both phytoplankton and zooplankton community structure.  Larger 
mesozooplankton, especially ranging between 1000-4000µm, incorporated more 
diazotroph N than any other size fraction through the water column.  Larger 
mesozooplankton (>1000µm) also seemed to move greater vertical distances within the 
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upper 500m of the water column, and may exert a stronger influence on diazotroph N 
movement within the water column relative to smaller mesozooplankton.  Although our 
study shows basin-scale patterns N inputs via biological N2-fixation on oceanic food 
webs, future studies should focus on N flows within microbial communities supported by 
diazotrophs and the potential links transferring diazotroph N to metazoan communities.  
Future work should also closely examine shifts in food web structure and function 
associated with nutrient inputs from different N sources, as well as the potential effects of 
other limiting nutrients (e.g., Fe, P). 
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CHAPTER 5 
TOTAL AND DIAZOTROPH-DERIVED SUSPENDED PARTICLE 
CONCENTRATION AND MESOZOOPLANKTON BIOMASS IN 
THE SUBTROPICAL NORTH ATLANTIC OCEAN BASIN 
5.1 Introduction 
 Nutrient availability (NO3-, PO43-, Fe, etc.) typically plays a dominant role in 
controlling primary production within the euphotic zone, limiting the total biomass 
available for consumption and export out of the upper ocean.  In oligotrophic oceanic 
gyres, primary production is dominated by recycled nutrients (e.g., NH4+, DON), and 
requires allochthonous sources of inorganic nutrients to balance losses due to export of 
both sinking particulate and dissolved organic matter (POM, DOM, respectively) out of 
the mixed layer (Dugdale & Goering 1967, Eppley & Peterson 1979).  N is typically the 
limiting nutrient for primary production on biological timescales, and new N is critical in 
sustaining both primary and secondary production (Ryther & Dunstan 1971, Graziano et 
al. 1996, Moore et al. 2008).  New N is defined as non-recycled N that enters the mixed 
layer in the form of deep NO3- (via diffusion or upwelling), deposition of N through rain 
and/or atmospheric sources (Cornell et al. 1995, Baker et al. 2007, Duce et al. 2008), or 
inputs by biological N2-fixation (LaRoche & Breitbarth 2005, Mulholland 2007).  
Assuming steady-state conditions, the input of new N should match the OM flux out of 
the mixed layer, reflecting the strength of the biological pump in exporting both C and N 
out of the upper ocean (Eppley & Peterson 1979).  Thus, the efficiency by which new N 
moves into and through oceanic food webs provides direct information on the capacity of 
the system to remove CO2 from the atmosphere.   
 The subtropical/tropical North Atlantic is the site of extensive N2-fixation, which 
plays a crucial role in regional C and N dynamics (Gruber & Sarmiento 1997, Carpenter 
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et al. 2004, Capone et al. 2005).  However, little is known about the movement of that 
new N into higher trophic levels (e.g., zooplankton, fish).  Understanding the movement 
and accumulation of biomass within the ocean is a crucial component in predicting the 
impact of new N production on all trophic levels, and specifically addresses questions 
related to global C and N cycles and oceanic food web structure and function.  
 Marine mesozooplankton play a crucial role in both OM processing and 
movement within oceanic food webs, and in global biogeochemical cycling (Roman et al. 
2002, Turner 2002, Frangoulis et al. 2005, Hernandez-Leon & Ikeda 2005).  
Mesozooplankton actively consume POM in the water column (Banse 1995, Roman & 
Gauzens 1997, Al-Mutairi & Landry 2001, Moller 2005, 2007, Carlotti et al. 2008), and 
transport OM through release of fecal pellets (Urrere & Knauer 1981, Lampitt et al. 1990, 
Dagg 1993, Dagg et al. 1997, Lampitt & Antia 1997, Conte et al. 2001, Champalbert et 
al. 2003, Dagg et al. 2003, Poulsen & Kiorboe 2006, Olli et al. 2007), or through their 
metabolic activity (e.g., release of CO2 and DOM) (Steinberg et al. 2000, Al-Mutairi & 
Landry 2001, Steinberg et al. 2008).  They can also alter the size of particles through the 
physical disruption associated with swimming (Dilling & Alldredge 2000, Goldthwait et 
al. 2004).  Mesozooplankton also represent an important resource for higher trophic 
levels (e.g., fish, squid, birds) in the water column.  Several studies have quantified the 
basin-scale distribution of mesozooplankton biomass (Isla et al. 2004, Hernandez-Leon & 
Ikeda 2005), but fewer studies have assessed the proximal N sources supporting 
mesozooplankton communities (Montoya et al. 2002).  Since mesozooplankton play a 
crucial role in OM movement in the water column, it is crucial to estimate 
mesozooplankton biomass and influence on biogeochemical cycles, especially in terms of 
OM flux out of the mixed layer. 
 Stable isotope techniques have provided opportunities to trace the input and 
movement of new N into and through oceanic food webs, but the mechanisms driving 
new N into and through food webs remain poorly understood (Montoya et al. 2002, 
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McClelland et al. 2003, Reynolds et al. 2007).  By using δ15N as an in-situ tracer, we can 
effectively determine if, and to what extent, both suspended particles and 
mesozooplankton are incorporating new N originating from diazotrophic activity, while 
also determining the relative importance of mesozooplankton in moving this N through 
oceanic food webs (Fry & Quinones 1994, Jennings et al. 2008). 
 Here, we present total and diazotroph-derived new suspended particulate N (PN) 
and mesozooplankton N (NZOOP) biomass along a cruise in the subtropical North Atlantic 
Ocean (STNA).  To our knowledge, this data set is the first of its kind in that it provides 
basin-wide estimates of both depth-integrated suspended particle and mesozooplankton 
biomass and the relative ND contribution to these organic pools.  Our data set allows us 
to: 1) pinpoint geographical and vertical (water column) hotspots of new N within both 
particle and mesozooplankton organic pools, 2) analyze the efficiency of new N 
movement through oceanic food webs, and 3) quantify new biomass within multiple 
organic pools that directly contribute to OM flux in the subtropical North Atlantic. 
5.2 Materials and Methods 
 Seawater and plankton samples were collected on R/V Seward Johnson cruise 
SJ0005 (April 25 – May 24 2000), from Ft. Pierce, FL to the Canary Islands (Figure 5.1).  
A CTD -rosette system, equipped with a fluorometer, was used to collect water samples.  
Suspended particles were collected by gentle pressure filtration of 1.5-18 liters of 
seawater through pre-combusted (450°C for 2 h) 45-mm GF/F filters that were dried at 
60°C and stored over desiccant for analysis ashore.  For isotopic and elemental analysis, 
filters containing particle samples were trimmed to remove the particle-free edge, then 
cut into quadrants or halves that were pelletized in tin capsules for continuous flow 
isotope ration mass spectrometry (CF-IRMS).  Seawater nutrient analysis was performed  
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at sea using a Lachat QuickChem 8000 FIA nutrient analyzer. 
 Mesozooplankton were collected either in diagonal tows of a meter net (333-µm 
mesh) through the upper 100m of the water column or with a 1-meter MOCNESS (333-
µm mesh size) deployed to sample mesozooplankton within 100m depth increments 
through the upper 500m of the water column.  The MOCNESS flowmeter was used to 
calculate the total volume of seawater filtered through each net, but the volume of 
seawater filtered through the meter net was not measured.  Animals were separated into 
size fractions by passage through a set of graded Nitex sieves (4000µm, 2000µm, 
1000µm, 500µm, 250µm) at sea and were then frozen.  Once ashore, zooplankton 
samples were dried at 60°C, ground into a fine powder, weighed for total dry weight 
(mg), and then sub-sampled and pelletized in tin capsules for isotopic analysis by CF-
IRMS.  All zooplankton size fractions were weighed after drying to obtain total dry 
weight (mg) of the zooplankton collected at each station.  N and C contents measured by 
CF-IRMS were used to calculate integrated zooplankton N and C within the water 
column by trapezoidal integration.  Total areal biomass was calculated for each station by 
summing the product of the average biomass (mg m-3) and depth interval (100m) for all 
size fractions through the upper water column (final units: mg N m-2).   
 All natural abundance measurements were made by CF-IRMS using a Micromass 
Optima interfaced with to an elemental analyzer for online combustion and purification 
of sample nitrogen and carbon. The CF-IRMS systems used were intercalibrated by 
running a variety of isotopically characterized organic (peptone, acetanilide, methionine, 
histidine, and glycine) and inorganic (KNO3 and NH4Cl).  All δ15N values are expressed 
relative to atmospheric N2.  Each analytical run included a size series of elemental 
(acetanilide or methionine) and isotopic (peptone) standards, which provided a check on 
the stability of the instrument and allowed us to remove the contribution of any analytical 
blank to our isotopic measurements (Montoya 2008).  In almost all cases, the blank was 
trivially small relative to the samples run and a blank correction was unnecessary.  We 
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conservatively estimate that the overall analytical precision of our isotopic measurements 
is better than ±0.1‰. 
  Stable isotopes data are discussed in detail elsewhere (i.e., Chapter 4).  
Diazotroph N contribution was calculated for both suspended particles and 
mesozooplankton using the isotope mass balance approach of Montoya et al. (2002).  
Reference δ15N values for mesozooplankton included mesozooplankton that were 
collected in the upper 100m of the water column between 3°N and 3°S, where surface 
processes should be dominated by deep NO3- inputs via equatorial upwelling.  
 For basin-wide standing stock estimates, mean depth-integrated total and new 
standing stock (mg N/C m-2) of both suspended particles (upper 200m) and 
mesozooplankton (upper 200m & 500m) were scaled by total surface area (m-2) of a 
rectangular area of the STNA defined by stations: 2 (westernmost station), 5-10 
(southernmost stations), 17 (northernmost station), and 49 (easternmost station) (Figure 
5.1). 
5.3 Results 
5.3.1 SJ0005 Leg 1 – Stations 2-10 
 We do not focus on Leg 1, due to spatial gaps in data, but we do estimate average 
depth-integrated PN and NZOOP concentrations with available data, for comparison with 
the other Legs.  
5.3.2 SJ0005 Leg 2 – Stations 10-17 
 Leg 2 extended northwestward from Station 10 (27°29’N, 66°0.3’W) to station 17 
(32°16’N, 75°W) (Figure 5.1).  Temperatures in the upper 500m of the water column 
ranged from 16-22°C, coinciding with σt values that ranged from 25.0-26.5 (Figure 
4.2A).  Both temperature and salinity shoaled west of 70-75°W.  The 1-µM NO3- contour 
ranged between 75-200m depth along Leg 2, with considerable spatial variation (Figure  
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Figure 5.2 - Color contour plot showing PN concentrations (µM N) of suspended 
particles collected in the upper 250m of the water column along Leg 2 of cruise track 
SJ0005, a SE to NW transect in the western subtropical North Atlantic Ocean. Figure was 
prepared using Ocean Data View (Schlitzer 2008). 
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Figure 5.3 – Color contour plot showing mesozooplankton N biomass (mg N m-3) (left) 
and diazotroph N contribution (right) for different size fractions collected in the upper 
500m of the water column along Leg 2 of cruise track SJ0005, a SE to NW transect in the 
western subtropical North Atlantic Ocean. Figure was prepared using Ocean Data View 
(Schlitzer 2008). 
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4.2B).  Our fluorometric measurements show a clear pigment maximum around the base 
of the mixed layer, at an average depth of 75m west of 71°W and deepening to ~125m 
east of 71°W (Figure 4.2B).   
 Depth-integrated standing stock of PN in the upper 100 m of the water column 
averaged 191 ± 42 mg N m-2 along Leg 2.  Suspended PN concentrations ranged from 
0.03 to 0.24 µM along Leg 2, with the highest concentrations occurring in the mixed 
layer (upper 100m) (Figure 5.2).  PN concentrations were consistently greater than 0.15 
µM above 100m, but decreased rapidly with depth and were generally lower than 0.1 µM 
below 150m.  The highest PN concentrations along the transect were located in the upper 
100m at stations 10 (27°29’N, 66°0.3’W) and 16 (31°36’N, 73°42’W).  We observed 
higher PN concentrations of 0.12 to 0.19µM N at station 10, and in the water column at 
station 16 (0.12-0.19 µM N), including the highest value along the transect (0.24 µM N). 
 Mesozooplankton biomass concentrations were greatest in the upper 200m of the 
water column for all size fractions, with little biomass collected below this depth (Tables 
5.1 & 5.2, Figure 5.3).  Mesozooplankton within the 250-500µm, 500-1000µm, and 
1000-2000µm size fractions were most abundant in the upper 100m of the water column, 
and the latter two size classes had very high biomass concentrations at both the 
northwestern (~0.06 mg N m-3) and southeastern (~0.04 mg N m-3) edges of Leg 2 
(Figure 5.3).  The northwestern end of the transect showed the highest biomass values for 
all the mesozooplankton size classes combined, exhibiting average depth-integrated 
biomass (upper 200m) of 27.9 ± 0.1 mg N m-2 between station 16 & 17.  The 
southeastern end of the transect had lower biomass of about half of that amount (15 mg N 
m-2, station 10 (66°W) (Figure 5.3).  Only the largest mesozooplankton (>4000µm) 
showed considerable biomass at depth, with concentrations up to 0.04 mg N m-3 between 
400-500m at station 14.  The biomass of the >4000µm size fraction was greatest between 
100-200m (0.03-0.05 mg N m-3) on the northwestern section of this transect, from station 
   
 116 
14-17 (Figure 5.3).  The 1000-2000µm size class also had high biomass values at station 
14 (~0.04m mg N m-3) between 100-200m.  
 Mesozooplankton samples were collected at night (1800-0600) at all stations 
along Leg 2, so day and night comparisons could not be made.  
5.3.3 SJ0005 Leg 3 – Stations 17-49 
 The third Leg of SJ0005 spanned the subtropical North Atlantic from station 17 
(32°16’N, 75°W) to station 49 (32°16’N, 21°16’W) (Figure 5.1).  Temperatures in the 
upper 500m of the water column ranged from 14-22°C, with cooler water shoaling 
eastward (Figure 4.2A).  σT values ranged from 25.5 to 28.0, and isopycnals shoaled 
towards the east, converging on a value of 27.0 in the upper 200m of the water column.  
As with Leg 2, NO3- values were below the limit of detection in surface waters (<50m), 
and the depth of the 1µM contour ranged from 100-150m across the transect, deepening 
steadily from 100m to 150m east of 60°W then shoaling back to 100m at the end of the 
transect.  Fluorometric measurements taken along this transect showed a clear pigment 
maximum at 75-100m depth across most of the basin, but deepening to between 100-
125m in the central North Atlantic between 35-50°W. 
 Depth-integrated PN in the upper 100 m of the water column averaged 149 ± 64 
mg N m-2.  Suspended PN concentration ranged from 0.02 to 0.67 µM along Leg 3, with 
the highest values occurring in the mixed layer (Figure 5.4).  PN concentrations were 
consistently greater than 0.075 µM above 100m, but decreased rapidly with depth and 
were generally lower than 0.05 µM below 150m.  We found relatively high PN 
concentrations (>0.02 µM N) at depths >175m in the middle of the gyre between stations 
35-41 (~42°W-53°W).  The highest PN concentrations found along the transect were 
located in the upper 100m at stations 22 (32°15.6’N, 67°59’W) and 23 (32°16.2’N, 
66°40.2’W), and ranged between 0.23 and 0.67 µM N.  We also observed relatively high  
   
 117 
 
Figure 5.4 - Color contour plots showing PN concentration (µM N) of suspended 
particles collected in the upper 250m of the water column along Leg 3 of cruise track 
SJ0005, a zonal transect spanning the subtropical North Atlantic Ocean at 32°N. Figure 
was prepared using Ocean Data View (Schlitzer 2008). 
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PN concentrations 0.10 to 0.21 µM N in the upper 100m between stations 34 (32°15.9’N, 
55°22.2’W) and 39 (32°15.9’N, 45°59.9’W). 
 As with Leg 2, mesozooplankton biomass along Leg 3 was highest in the upper 
200m of the water column, and NZOOP biomass at depth was size-dependent (Table 5.3 & 
5.4, Figure 5.5). The smallest mesozooplankton (250µm-1000µm) were generally caught 
in the upper 200m, with minimal biomass below 200m depth (Figure 5.5).  NZOOP 
biomass in the 1000-2000µm and 2000-4000µm size classes was highest within the upper 
200m (0.01-0.04 mg N m-3), but exceeded the biomass of smaller zooplankton below 
200m (0.005-0.01 mg N m-3).  Mesozooplankton within the 2000-4000µm size fraction 
deviated from this pattern, exhibiting the lowest biomass values relative to any other 
zooplankton size fraction collected across the basin.  Biomass of the largest zooplankton 
size class (>4000µm) was the most variable through the water column, generally having 
higher biomass values below 200m than in the upper 200m of the water column (Table 
5.4). 
 Along Leg 3, zooplankton biomass was higher when collected at night (271 ± 158 
mg dw m-3) than during the day (213 ± 105 mg dw m-3).  Total biomass in the upper 
200m was higher at night as well, but was not significantly different from biomass 
collected during daytime tows (p>0.05).  We did, however, observe higher biomass in the 
mixed layer at night, although this difference did not differ significantly (ANCOVA, F-
ratio = 3.6, dF = 4, p = 0.06). 
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Figure 5.5 - Color contour plots showing mesozooplankton N biomass (mg N m-3) (left) 
and diazotroph N contribution (right) for different size fractions collected in the upper 
500m of the water column Leg 3 of cruise track SJ0005, a zonal transect spanning the 
subtropical North Atlantic Ocean at 32°N. Figure was prepared using Ocean Data View 
(Schlitzer 2008). 
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5.4 Discussion 
 Although new N inputs via biological N2-fixation support significant primary 
production in many oceanic environments (Karl et al. 1997, Karl et al. 2002, Capone et 
al. 2005, LaRoche & Breitbarth 2005), little is known about the movement of this N into 
higher trophic levels (Montoya et al. 2002, Mulholland 2007).  Since mesozooplankton 
play a crucial role in OM movement into deeper waters (Longhurst et al. 1989, Al-
Mutairi & Landry 2001, Steinberg et al. 2002, Frangoulis et al. 2005), it is crucial to 
quantify their role in diazotroph N incorporation and transport below the mixed layer, 
which has not been assessed to date.  We evaluated the depth-integrated pools of total and 
new N in suspended particles and mesozooplankton to assess the extent to which 
diazotrophs support biological production in the upper ocean (Z<500m).  These data help 
elucidate the extent to which diazotrophs support both primary and secondary production, 
and the role that ND plays in both biogeochemical cycling and OM flux through the 
biological pump.  
5.4.1 PN distributions  
 Depth-integrated total PN have been assessed in the North Atlantic across a wide 
range of latitudes (between 0°-45°N) (Altabet et al. 1991, Waser et al. 2000, Montoya et 
al. 2002, Reynolds et al. 2007).  Taken together, the available data show both latitudinal 
and zonal variation in depth-integrated total PN.  Waser et al. (2000) collected PN from 
the euphotic zone along a cruise track (Hudson 1993) from the Canary Islands (~30°N, 
21°W) westward to Nova Scotia (43°45’N, 54°19’W) during May-June 1993, which is 
similar to the timing of SJ0005.  They found average depth-integrated PON values of 933 
± 212 mg N m-2 (67 ± 15 mmol N m-2) within the euphotic zone (average depth = 88 ± 25 
m).  These averages are much higher than our mean depth-integrated suspended particle 
biomass along Leg 3, which was 149 ± 64 mg N m-2 in the upper 100m.   
   
 123 
 Reynolds et al. (2007) looked at both zonal and meridional patterns of PN 
concentrations in both the North and South Atlantic.   Although they not did sample with 
high spatial resolution, they found average mixed layer PN stocks of 0.1 µM N in the 
western gyre (20°N-40°N, 65°W-80°W), 0.3 µM N in the central gyre (7°N-32°N, 30°W-
65°W), and 0.2 µM N in the eastern gyre region (7°N-40°N, 5°W-30°W).  In comparison, 
we observed similar PN concentrations averaged in mixed layer in the western portion of 
the basin (0.1 ± 0.14 µM N), but observed lower PN concentrations in the central (0.1 ± 
0.04 µM N) and eastern (0.09 ± 0.02 µM N) subtropical North Atlantic.   
 Montoya et al. (2002) collected suspended particles along two cruise tracks 
(SJ9612 & SJ9603) in the western portion of the tropical North Atlantic between 0-28°N, 
and found average PN concentrations of 682 ± 402 mg N m-2 for depth-integrated (upper 
100m) suspended PN across the basin between 13-16°N.  Depth-integrated PN 
concentration was higher in the western Atlantic (1016 ± 563 mg N m-2) than on the 
eastern side of the basin (516 ± 132 mg N m-2) (Landrum et al., in prep.), which is 
consistent with our results of higher average areal PN in the west (184 ± 82 mg N m-2) 
than in the east (122 ± 28 mg N m-2).  They also observed overall higher depth-integrated 
total (682 ± 402 mg N m-2) PN than we observed along any Leg of our cruise. 
5.4.2 NZOOP biomass distributions 
 Our data show the typical decrease in mesozooplankton biomass with depth 
(Steinberg et al. 2000, Steinberg et al. 2002, Koppelmann et al. 2003, Frangoulis et al. 
2005, Fernandez-Alamo & Farber-Lorda 2006).  Overall, depth-integrated total NZOOP 
biomass averaged 15 ± 9 mg N m-2 above 200m, with lower biomass (8 ± 4 mg N m-2) 
from 200-500m (Figures 5.6 & 5.7).  Depth-integrated NZOOP biomass averaged 15.5 ± 
7.9 mg N m-2 and 17.9 ± 8.7 mg N m-2 along Leg 2 in the upper 200m and 500m, 
respectively (Figure 5.6).  Depth-integrated total NZOOP biomass averaged 15 ± 10 mg N 
m-2 in the upper 200m and 22 ± 11 mg m-2 in the upper and 500m along Leg 3 (Figure 
   
 124 
5.7).  A decrease in mesozooplankton N biomass with depth is not surprising since the 
mixed layer is generally the predominant source of food for mesozooplankton.  However, 
several size fractions were abundant at depth (e.g., animals >4000µm on Leg 2), 
suggesting that these animals either scavenged sinking PN effectively in a food-limited 
zone (Figures 5.3 & 5.5), or that they actively consumed PN nearer the surface than 
where they were captured (i.e., diel vertical migration).  
 In general, mesozooplankton biomass is low in the tropics/subtropics, and 
increases pole-ward (Hernandez-Leon & Ikeda 2005).  Most of the mesozooplankton 
biomass measurements in the North Atlantic come from sites near the eastern and 
western ends of the basin (AMT: near eastern end; BATS: near western end).  Integrated 
zooplankton biomass data along both Legs 2 and 3 fall within the range of 
mesozooplankton biomass reported from oligotrophic areas (Hernandez-Leon & Ikeda 
2005), and at BATS (Steinberg et al. 2000, Madin et al. 2001, Steinberg et al. 2001, del 
Giorgio & Duarte 2002, Roman et al. 2002, Steinberg et al. 2002).  Leg 3 of cruise 
SJ0005 traversed the North Atlantic basin at about the same latitude as both Station S 
(32°10’N, 64°30’W) and the BATS site (31°50’N 64°10’W), providing a good 
comparison for our data across the basin.  The mean integrated (upper 200m) 
zooplankton biomass along Leg 3 of our cruise (234 ± 126 mg dw m-2) was roughly half 
the mean zooplankton biomass values seen over a 4-year sampling period at BATS (539 
± 312 mg dw m-2) (Madin et al. 2001).  Although mesozooplankton biomass varies 
seasonally, our data are generally lower than measurements at BATS during similar 
seasons (e.g., April/May 1994-1997).  However, depth-integrated mesozooplankton 
biomass during two BATS cruises (BATS 67 & 68) were similar to values we obtained 
(142 ± 75 and 186 ± 89 mg dw m-2, respectively) at two individual sites near the BATS 
station (~40 km North of BATS) (Madin et al. 2001). 
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Figure 5.6 - Total mesozooplankton N biomass (mg N m-2) (all size fractions) collected in 
the upper 200m and from 200-500m in the water column along Leg 2 of cruise track 
SJ0005, a SE to NW transect in the western subtropical North Atlantic Ocean. 
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Figure 5.7 - Total mesozooplankton N biomass (mg N m-2) (all size fractions) collected in 
the upper 200m and from 200-500m in the water column along Leg 3 of cruise track 
SJ0005, a zonal transect spanning the subtropical North Atlantic Ocean at 32°N. 
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 In contrast, average mesozooplankton biomass collected along the Atlantic 
Meridional Transect (AMT) in the eastern part of the basin (25°N, 20°W to 40°N, 10°W) 
was lower (200 ± 50 mg dw m-2) than mesozooplankton biomass along the meridional 
transect of SJ0005 (above) and at the easternmost station along Leg 3 (Station 49, 32°N, 
-21°W: 413 mg dw m-2).  However, higher mesozooplankton biomass values have been 
recorded at AMT stations in the northeastern corner of the North Atlantic (Maranon et al. 
2007).  It is difficult to separate seasonal and geographical trends in comparing 
zooplankton biomass between the two transects, since our cruise does not overlap 
spatially or temporally with the AMT (Isla et al. 2004).   
5.4.3 NZOOP distributions among size fractions 
 Generally, meszooplankton in the 1000-2000µm and >4000µm size classes had 
higher average N biomass than the mesozooplankton in the 250-500 and 500-1000µm 
size class (Tables 5.2 & 5.3).  This trend was especially strong in the mixed layer along 
Leg 2 (Table 5.2).  The mesozooplankton within the 2000-4000µm size class was much 
lower than any other size fraction along both legs (but much less abundant along Leg 3), 
and may include mesozooplankton important for diazotroph N movement through these 
systems. 
 Previous studies have documented lower biomass for mesozooplankton in the 
2000-5000µm size class than in smaller size fractions.  For example, Madin et al. (2001) 
observed average biomass of 70 -170 mg dw m-2 (means of day and night samples) for 
the 2000-5000µm size fraction of mesozooplankton in the upper 200m of the water 
column at the BATS site between 1994-1998.  This value is higher than our average 
biomass estimates for mesozooplankton in the 2000-4000µm size class (Tables 5.2 & 
5.4), especially along Leg 3 (~18 ± 18 mg dw m-2).  Although our data also show 
considerably lower biomass for the 2000-4000µm size fraction relative to the other size 
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fractions, the differences between our cruise and the BATS data could reflect differences 
in size classes used (i.e., 4000 v. 5000µm upper limit).  
 Other factors, such as net avoidance or ontogenetic/seasonal factors of the 
mesozooplankton community could also contribute to the low biomass we found in the 
2000-4000µm size fraction.  Net avoidance has been documented in previous studies 
(Brinton 1967), and this behavior could have driven our low yield of the 2000-4000µm 
size fraction of mesozooplankton.  We cannot adequately evaluate this hypothesis given 
our sampling regime.  Seasonal and/or ontogenetic factors could also have played a role 
since some larger mesozooplankton are known to diapause at depths >500m through May 
(Johnson et al. 2006, Gislason et al. 2007, Slagstad & Tande 2007).  However, since our 
cruise occurred at the end of the typical time of overwintering mesozooplankton, most of 
these animals would most likely have been active, and collected within the water column 
at the time of our cruise. 
 Alternatively, heavy predation (e.g., fish, squid) could potentially explain lower 
biomass in the 2000-4000µm size fraction.  There are many documented cases of higher 
trophic levels such as fish (Conover et al. 1995, Mianzan et al. 2001, Estrada et al. 2005, 
Sara & Sara 2007) and squid (Piontkovski et al. 2003), preying on mesozooplankton.  
Several studies have used isotopes to analyze diet in pelagic fishes (Estrada et al. 2005, 
MacNeill et al. 2005, Bode et al. 2007), but few (if any) have assessed the contribution of 
diazotroph N to these consumers, especially in smaller, mesozooplankton-consuming 
planktivorous organisms (e.g., flying fish).  Diazotrophic cyanobacteria have also been 
shown to harbor an array of potentially harmful chemicals (Hawser et al. 1992), which 
may disrupt growth and/or reproduction of zooplankton.  Thus, lower biomass for this 
size fraction may indicate a physiological response to diazotrophs.  Further analysis of 
the mechanisms driving lateral and vertical variation in biomass and ND contribution 
would be required to fully explore the eventual fate of new production into higher trophic 
levels with regards to this size class.  
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5.4.4 ND contribution to PN 
 New PN standing stock averaged 71 ± 36 mg N m-2  (~30% ND) for the entire 
cruise, while depth-integrated new PN was slightly higher along Leg 2 (87 ± 47 mg N 
m-2) than on Leg 3 (66 ± 32 mg N m-2).  High ND features were quite large along both 
legs, spanning thousands of kilometers in some cases (Leg 3: Station 31-41).  For 
example, the large feature in the middle of the gyre between 50-100m in the water 
column along Leg 3 (Figure 5.4) was over 1,650 km long, with distances between 
stations averaging 166 ± 28 km.  These features also correlated with elevated PN 
concentrations, suggesting that diazotrophs enhanced the total standing stock of PN in 
these areas.  Particles collected below the mixed layer along Leg 2, at station 12 
(28°52’N, 68°31’W), 13 (29°31’N, 69°46’W) (Figure 5.2), and at several stations 
(stations 20-29) west of 50°W along Leg 3 (Figure 5.4) had low concentrations (0.05-0.1 
µM N) of PN and contained little diazotroph N (<10%).  This suggests that movement of 
diazotroph N below the mixed layer was minimal at these stations.  Some of these 
stations were also characterized by high ND contributions to mixed layer particles as well 
as high NZOOP concentrations (Stations 12, 20-29), while others showed no such 
association between PN biomass, ND contributions, and NZOOP concentrations (Stations 
16, 34-39).   
 Variation in deep extension of ND could have been driven by different transport 
mechanisms.  For example, the higher ND contribution to suspended particles below the 
mixed layer at station 12 may reflect export of diazotroph N at this station via 
mesozooplankton activity (e.g., DVM, fecal pellets).  Isotopic evidence suggests that 
substantial amounts of ND moved into the mesozooplankton community at station 12 
(>10%), with greater diazotroph N incorporation by larger mesozooplankton (>20%) 
(Figure 5.3). High ND contribution to the mesozooplankton community also suggests ND 
incorporation over longer timescales, given the longer lifetimes of mesozooplankton (i.e., 
weeks to months) relative to phytoplankton (i.e., days to weeks).  We see a similar 
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isotopic pattern in suspended particle and mesozooplankton at station 16, but lower 
average PN concentrations (0.10 ± 0.03 µM N), lower ND contribution to 
mesozooplankton (10-20%), and no evidence for vertical export of diazotroph N below 
100m (Figures 5.2 & 5.3).  This suggests that mesozooplankton are also incorporating the 
diazotroph PN pool, but had not grazed a significant portion of the PN at station 16 
(Figure 5.3).  Diazotrophs contributed substantially (10-25%) to the PN pool below 100m 
at several stations along Leg 3 in the western part of the basin. ND contribution was 
<10% below 150m, east of station 29 (32°16.1’N, 63°29.4’W), with no clear contribution 
to suspended particles in the eastern part of the basin (east of 40°W). 
 Depth-integrated new PN  (via δ15NPOM) have also been assessed across the North 
Atlantic across a wide range of latitudes (between 0°-45°N) (Altabet et al. 1991, Waser et 
al. 2000, Montoya et al. 2002, Reynolds et al. 2007).  Taken together, the available data 
show both latitudinal and zonal variation in depth-integrated new PN, and provide 
broader spatial context for our estimates of ND contribution to suspended particles.  
Waser et al. (2000) observed considerable ND contribution for particles along this 
transect, measuring an average δ15NPOM of 3.1 ± 1.5 ‰, implying an average ND 
contribution of 24 ± 20% based on our isotope mass balance model.  These values equate 
to an average of 199 ± 151 mg N m-2 of new PN, which is also considerably larger than 
our estimate (51 ± 24 mg N m-2) for the mixed layer.  
 Reynolds et al. (2007) looked at both zonal and meridional patterns of δ15NPOM to 
determine the role of N2-fixation in supporting biomass in both the North and South 
Atlantic.  Along a zonal transect at ~36°N (during May-June 2005), they found similar 
ND contribution to suspended particles across in the western and central gyre (~40‰), but 
lower ND contribution in the eastern region of the gyre (0-20‰).  We observed 
consistently high ND contribution to suspended particles (20-100% - Figure 5.4) along 
Leg 3, with no decrease in the east.  However, higher ND contribution to suspended 
particles (20-40‰) observed along a section of the AMT track between 20°N and 32°N 
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and 15°W to 20°W were similar to our values in this area.  Reynolds et al (2007) also 
showed areas of high ND contribution (50-70%) to suspended particles in the central gyre 
(30°W-70°W) along a zonal track at 24°N.  We similarly found areas of high ND 
contribution (~40-50%) in the central gyre.  Lower northern (36°N) ND contribution to 
suspended particles further suggests that ND contribution is higher in subtropical latitudes 
of the central gyre, decreasing northward into more temperate waters (i.e., Waser et al. 
2000). 
 ND contribution to suspended particles was also greater in the tropical than in the 
subtropical North Atlantic.  Montoya et al. (2002) collected suspended particles on two 
cruise tracks (SJ9612 & SJ9603) to the tropical North Atlantic between 0-28°N, and 
observed higher depth-integrated new (319 ± 305 mg N m-2) PN in the mixed layer, than 
we observed along any Leg of our cruise. 
 These data provide an overview of the distribution of ND contribution to PN in the 
North Atlantic.  Overall, the highest ND contribution to suspended particles occurs in the 
tropical zones of the western and central gyre, with lower ND contribution in the 
subtropical and temperate regions (Waser et al. 2000, Reynolds et al. 2007).  However, 
depth-integrated PN concentrations strongly influence the size of the overall pool of ND 
available for higher trophic levels.  For example, despite relatively lower ND contribution 
to particles (24%) collected along the Hudson 1993 track (Waser et al., 2000), depth-
integrated new PN was 4 times higher than along Leg 3 of our cruise, reflecting the 
higher PN concentrations found by Waser et al. (2000).  Spatial variation in PN 
concentrations and δ15N in the mixed layer contribute to significant variation in depth-
integrated new ND estimates (Waser et al. 2000, Reynolds et al. 2007).  We also observed 
a clear north-south trend in the Sargasso Sea, where average depth-integrated new PN 
values were higher along Leg 1 (83 ± 30 mg N m-2) than both Leg 2 (61 ± 30 mg N m-2) 
and the western portion (west of 55°W) of Leg 3 (56 ± 27 mg N m-2) (Landrum et al., in 
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prep.).  However, it is difficult to separate the mechanisms driving these patterns (e.g., 
higher diazotroph abundances) given our lack of floristic data. 
5.4.5 ND contribution to NZOOP 
 Overall, depth-integrated diazotroph-derived mesozooplankton N biomass 
averaged 1.7 ± 1.6 mg N m-2 above 200m, with lower biomass (0.13 ± 0.11 mg N m-2) 
from 200-500m.  Along Leg 2, most of the ND contribution to NZOOP occurred in the 
mixed layer for all size fractions (Figures 5.3 & 5.8).  Along Leg 2, depth-integrated 
diazotroph-derived NZOOP biomass averaged 3.4 ± 2.1 mg N m-2 and 0.07 ± 0.06 mg N m-
2 along Leg 2 in the upper 200m and between 200-500m, respectively (Figure 5.8).  
Along Leg 3, most of the ND contribution to NZOOP occurred in the upper 200m for all 
size fractions (Figures 5.5 & 5.10).  Depth-integrated diazotroph NZOOP biomass averaged 
1.1 ± 0.8 mg N m-2 and 0.13 ± 0.10 mg N m-2 along Leg 3 in the upper 200m and 
between 200-500m, respectively (Figure 5.10).   
 We observed lower ND incorporation by all size fractions below 200m, along both 
Legs.  However, at station 10 along Leg 2, ND contribution was high to the entire 
mesozooplankton community in the upper 500m of the water column (Figure 5.3).  
Higher ND incorporation in the surface and at depth increased the total depth-integrated 
diazotroph NZOOP biomass at this station (Figures 5.8 & 5.9).  High ND contribution to 
deeper mesozooplankton suggests that these organisms were either consuming sinking 
particles containing ND at depth, or incorporating ND through DVM into the mixed layer.  
Higher ND contribution to PN below the mixed layer at station 10 also suggests that 
sinking ND could have been incorporated by deeper mesozooplankton, but the low 
biomass of mesozooplankton at depth suggests that the ND did not promote appreciable 
accumulation of NZOOP biomass.   
 The relationship between ND contribution and NZOOP biomass varied laterally and 
vertically among mesozooplankton size classes along both Leg 2 and 3 (Figures 5.3 & 
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5.5).  Along Leg 2, although all mesozooplankton size fractions incorporated significant 
ND at station 10, certain size fractions represented larger portions of diazotroph NZOOP 
(Figures 5.3 & 5.9).  For example, only the 500-1000µm and 1000-2000µm size fractions 
exhibited high NZOOP biomass (0.04-0.05 mg N m-3) at station 10 (Figure 5.3).  Thus, 
these size fractions represented the largest portion of diazotroph NZOOP at this station 
(Figure 5.9).  Conversely, the NZOOP biomass for these size fractions was also high at the 
northwest end of Leg 2 (Station 17), but ND contribution to NZOOP was lower (10-20%).  
This produced lower overall depth-integrated diazotroph NZOOP at station 17, where the 
1000-2000µm size fraction represented the largest pool of ND for all size fractions 
(Figure 5.9).   
 ND contribution was also high for the 2000-4000µm size fraction along Leg 2 
(Figure 5.3).  Total NZOOP biomass was generally low along this transect, and high ND did 
not always coincide with higher NZOOP for this size fraction (Figures 5.3 & 5.9).  For 
example, for this size fraction, we observed high NZOOP biomass (0.02-0.04mg N m-3) and 
lower ND contribution (20-30%) in the northwest (Station 16) (Figure 5.3).  Alternatively, 
we observed low biomass NZOOP biomass for this size fraction on the southeast end of the 
transect (Station 10), where ND contribution was higher (45-50%) (Figure 5.3).  Despite 
lower ND contribution for this size fraction at station 16, elevated NZOOP biomass values 
part of the relative diazotroph NZOOP for the mesozooplankton community along Leg 2 
(Figure 5.9).  ND contributions to the PN pool could potentially influence this lateral 
variation.  For example, elevated PN concentrations and high ND to PN at station 16 
suggests that more ND was available for mesozooplankton consumption relative to station 
10 (Figure 5.2).  Thus, greater ND availability could have influenced ND incorporation 
into NZOOP of the 2000-4000µm size fraction at station 16 (Figure 5.9). 
 Along Leg 3, we found lower NZOOP biomass and higher ND contribution to 
mesozooplankton in the central gyre (Figure 5.5).  For example, between 30°W- 60°W, 
ND contribution to mesozooplankton was typically high (10-30%), but NZOOP biomass  
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Figure 5.8 - Total diazotroph N biomass (mg N m-2) of mesozooplankton (all size 
fractions) collected in the upper 200m and from 200-500m in the water column along Leg 
2 of cruise track SJ0005, a SE to NW transect in the western subtropical North Atlantic 
Ocean. 
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Figure 5.9 - Total diazotroph N biomass (mg N m-2) of mesozooplankton of different size 
fractions in the upper 500m of the water column along Leg 2 of cruise track SJ0005, a SE 
to NW transect in the western subtropical North Atlantic Ocean. 
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was generally lower (0.01-0.02 mg N m-3) than on either end of the basin (0.03-0.05 mg 
N m-3).  These trends are most likely driven by a lower assimilation efficiency of organic 
matter containing diazotroph N, since PN concentrations and ND contribution were also 
high in these areas (Figure 5.4).  As noted above, we observed high PN concentrations 
and ND contribution to particles in the central gyre, suggesting a high concentration of 
diazotroph N available for consumption in this area.  High ND contribution, and low 
biomass of mesozooplankton within the same area suggests that mesozooplankton are 
incorporating ND, but are not producing substantial total biomass as in the western and 
eastern ends of the basin (Figures 5.5).  
 Along Leg 3, only the larger animals (>1000µm) showed any vertical variation in 
ND contribution, suggesting that larger mesozooplankton were incorporating ND through 
vertical migration.  Mesozooplankton in the 1000-2000µm and 2000-4000µm size classes 
also represented a significant fraction of total ND to NZOOP of the entire mesozooplankton 
community, which is especially evident in the central and western portions of the basin 
(Figures 5.10 & 5.11).  This further suggests that these larger animals are important 
components for ND movement into food webs and through the water column. 
 We also observed a strong east-west gradient in ND contribution along Leg 3, 
which was especially apparent in the three easternmost stations (Stations 47-49). ND 
contribution to mesozooplankton was minimal (<5%) for all size fractions east of 30°W, 
but mesozooplankton biomass was high (0.03-0.07mg N m-3) relative to biomass in the 
central and western portions of the basin (0.01-0.05 mg N m-3).  These trends suggest that 
mesozooplankton ND incorporation is relatively high in the central and western North 
Atlantic, while elevated mesozooplankton biomass in the east is driven by incorporation 
of other N sources.  High ND contribution to suspended particles, low ND contribution to 
further suggests that these mesozooplankton are either selectively consuming non-
diazotroph N, or inefficiently assimilating diazotroph N. 
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Figure 5.10 - Total diazotroph N biomass (mg N m-2) contributed to mesozooplankton 
(all size fractions) collected in the upper 200m and from 200-500m in the water column 
along Leg 3 of cruise track SJ0005, a zonal transect spanning the subtropical North 
Atlantic Ocean at 32°N. 
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Figure 5.11 - Total diazotroph N biomass (mg N m-2) contributed to mesozooplankton of 
different size fractions in the upper 500m of the water column along Leg 3 of cruise track 
SJ0005, a zonal transect spanning the subtropical North Atlantic Ocean at 32°N. 
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Overall, our data suggest that mesozooplankton incorporated ND along Leg 2 and 3, but 
that the movement of this N into different size classes is complex and may depend on the 
taxonomic makeup and structure of the zooplankton community, size-dependent 
differences in ND incorporation timescales, or on the availability of ND.  Our data do, 
however, indicate that diazotroph N contributions to these ecosystems can lead to 
elevated mesozooplankton N biomass, especially in areas where diazotroph N contributes 
significantly to both the PN and mesozooplankton pools (e.g., Station 16: Figure 5.2 & 
5.3). 
5.4.5 Mesozooplankton migration 
 Mesozooplankton diel vertical migration (DVM) influences global 
biogeochemical cycling more than any other known migration (Steinberg et al. 2000, Al-
Mutairi & Landry 2001, Frangoulis et al. 2005, Hernandez-Leon et al. 2008), but little is 
known about the N sources supporting migrating zooplankton or the proportion of 
diazotroph N exported via DVM.  As seen along Leg 3, DVM likely influences ND 
movement in the water column, especially through migrations of mesozooplankton in the 
1000-2000µm and 2000-4000µm size fractions (Figures 5.5 & 5.11).  However, overall 
low biomass of the 2000-4000µm size fraction might potentially limit their impact across 
the basin. 
 In order to quantify ND movement via migrating mesozooplankton, we 
conservatively estimated migrant biomass as the difference between average night and 
daytime collections in the upper 200m of the water column along Leg 3.  We estimate 
that migrant biomass averaged 5.4 mg N m-2, or ~24% of the average total 
mesozooplankton N biomass collected in the upper 500m of the water column.  These 
values fall within the typical range of estimates of the fraction of the mesozooplankton 
community that migrates vertically in oceanic systems (15-50%) (Longhurst 1976, 
Longhurst & Harrison 1988) including BATS (4-70%) (Steinberg et al. 2000, Steinberg 
   
 140 
et al. 2002).  Our estimate of the absolute quantity of migrating biomass (19 mg C m-2) is 
low relative to other estimates for the North Atlantic (5-480 mg C m-2) (Morales 1999), 
and represents ~40% of the annual migrating biomass at BATS (Steinberg et al. 2000, 
Steinberg et al. 2002).   
 We can combine our estimate of NZOOP biomass that migrates vertically with our 
isotopic estimate of the contribution of ND to NZOOP (~5%) to evaluate the role of 
migration in the vertical flux of diazotroph N.  A migrant biomass of 5.4 mg N m-2 
implies daily movement of new biomass amounting to 0.27 mg N m-2, or 1 mg C m-2 
(assuming C:NZOOP of 4) into and out of the upper water column.   We can then use 
literature estimates for the relationship between migrant biomass and net C transport 
(Steinberg et al. 2000) to estimate a net migrant export of new organic matter of ~0.07 
mg C m-2 (0.02mg N m-2) during May 2000.  To our knowledge, this is the first estimate 
of the contribution of vertical migration to export of diazotroph production from the 
upper water column.  These estimates are roughly an order of magnitude lower than 
previously calculated migrant CO2 + DOC flux rates at BATS (2 mg C m-2).  
5.4.6 Spatial variation in ND trophic transfer efficiency 
 The new N in PN and NZOOP provides an estimate of the net ND contribution to 
biological communities.  Our nitrogen isotopic data suggest that diazotrophs contribute 
substantially to upper ocean primary production, but a smaller fraction of this N supports 
higher trophic levels.  Our results suggest that diazotroph N does not move into higher 
trophic levels as efficiently as new N derived from other sources (e.g., deep NO3-) 
(Figures 5.12 & 5.13).  We calculated trophic transfer efficiency (TTE) as  
  
(5.1)
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where NZOOP-500m was the depth and size-integrated NZOOP biomass (mg N m-2) in the 
upper 500m, and PN200m was the depth-integrated PN (mg N m-2) in the upper 200m.  
Similarly, we estimated the transfer efficiency of ND as  
  
(5.2)
 
where ND, ZOOP-500m and PND, 200m represent the depth integrated biomass of ND in 
zooplankton and suspended particles, respectively. 
 The overall TTE was 12% along the entire cruise.  TTE was lower along Leg 2 
(9%) than along Leg 3 (12%), with higher TTE between the western (west of 64°W – 
13%) and eastern (east of 55°N - 11%) portions of the basin.   
 Although ND contribution was high to suspended particles (~30%), we observed 
much lower ND to mesozooplankton (~8%).   TTED was also much lower (2%) than total 
TTE throughout the cruise due to low ND to mesozooplankton. This suggests less 
efficient movement of diazotroph N through these food webs (Figures 5.12 & 5.13).  We 
also observed higher TTED along Leg 2 (5%) relative to Leg 3 (2%), which was primarily 
influenced by high TTED at station 10 (7%), at the southeast end of Leg 2.  We also 
observed higher TTE in the western portion of the basin (3%) than in the eastern portion 
of the basin (1%).  Regional differences could have been driven by mesozooplankton 
particle selection, difficulty assimilating diazotroph POM, and/or differences in the 
phyto- and zooplankton community structure.  Few mesozooplankton are known to 
consume diazotrophs directly (O'Neil 1998, Eberl & Carpenter 2007), and most 
diazotroph new N is believed to enter food webs via consumption of phytoplankton 
utilizing new N released by diazotrophs (Mulholland et al. 1999, Mulholland et al. 2004, 
Mulholland et al. 2006), through viral lysis of diazotroph cells (Hewson et al. 2004), or 
through the microbial loop (Sheridan et al. 2002).  However, ND transfer efficiency may 
depend on the type of diazotroph consumed by mesozooplankton (Montoya et al. 2002).  
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Figure 5.12 - Schematic representation of upper ocean trophic scheme of total N of 
suspended particles and mesozooplankton. Values in each box are represented by the 
mean (±1 SD) depth-integrated N biomass for both suspended particles (upper 200m) and 
mesozooplankton (upper 500m) along Leg 3 of cruise track SJ0005, a zonal transect 
spanning the subtropical North Atlantic Ocean at 32°N..  TTE represents trophic transfer 
efficiency of N between particles and mesozooplankton. 
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Figure 5.13 - Schematic representation of upper ocean trophic scheme of diazotroph N of 
suspended particles and mesozooplankton. Values in each box are represented by the 
mean (±1 SD) depth-integrated diazotroph N biomass for both suspended particles (upper 
200m) and mesozooplankton (upper 500m) along Leg 3 of cruise track SJ0005, a zonal 
transect spanning the subtropical North Atlantic Ocean at 32°N.  TTE represents trophic 
transfer efficiency of N between particles and mesozooplankton. 
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For example, Montoya et al. (2002) observed higher ND contribution to larger 
mesozooplankton (1000µm-4000µm) in areas dominated by diazotroph/diatom 
assemblages (DDAs) (Richelia/Hemiaulus), but not in areas with high Trichodesmium 
abundances.  They suggested that direct transfer of new N from DDAs to 
mesozooplankton in these areas were more efficient than N transfer via Trichodesmium 
(e.g., microbial loop).  Thus, higher TTED at certain stations (e.g., 7% at Station 10) 
could have been driven, in part, by efficient mesozooplankton incorporation of certain 
diazotrophs (e.g., DDAs). 
 A variety of different geochemical techniques, such as mass balances of inorganic 
species (NO3-, PO42-, O2) and drawdown of total inorganic C (NCT) within the upper 
ocean (Lee 2001) provide estimates of global and North Atlantic total net community 
production (NCP = NPP-respiration) that range between 6.2-10.8 Gt C yr-1 and 1.5-4.5 Gt 
C yr-1, respectively.  These estimates suggest that the Atlantic Ocean makes an important 
contribution to global NCP (Lee 2001, Louanchi & Najjar 2001).  Lee et al. (2002) 
estimated global and regional new C production using observed changes in NCT and net 
air-sea CO2 fluxes (Takahashi et al. 1997) within warm (>20°C) oligotrophic (NO3- < 0.1 
µmol kg-1) waters.  They estimated global new C production to be 0.8 ± 0.3 Gt C yr-1, 
while the Atlantic Ocean new C production estimates were 0.2 Gt C yr-1 from 40°N to 
40°S (Lee et al. 2002). Along our cruise, total depth-integrated C biomass for suspended 
particles (upper 200m) averaged 7.8 ± 2.7 Tg C, while new C biomass was 2.5 ± 1.4 Tg 
C.  Total and new depth-integrated (upper 500m) mesozooplankton C biomass averaged 
254 ± 108 Gg C and 24 ± 22 Gg C, respectively.  Although our cruise sampled only about 
10% of the subtropical gyre of the North Atlantic, it is informative to compare our 
biomass measurements with basin-scale estimates of new production. Our estimates of 
new PN and zooplankton biomass thus represent between 1 and 4% of the annual new C 
production estimated by Lee (2002) for the North Atlantic Subtropical Gyre, implying a 
turnover time for biomass supported by N2-fixation of days to weeks. 
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5.4.7 Conclusions 
 N inputs via biological N2-fixation are crucial for supporting oceanic food webs in 
oligotrophic waters.  N2-fixation has been previously shown to support substantial 
primary production, but little is known about its role in supporting higher trophic levels 
(e.g., mesozooplankton).  Mesozooplankton typically play a critical role in the magnitude 
and efficiency of OM movement throughout the water column, and thus, atmospheric 
CO2 sequestration via the biological pump.  We show substantial ND contribution to 
suspended particles (~30%), which typically coincides with elevated PN concentrations 
in the mixed layer.  We observed several large features with high PN concentrations and 
ND contribution, which spanned hundreds to thousands of kilometers across the basin.  
These data coincide with previous observations of high ND contribution to suspended 
particles in the subtropical/central gyre.  ND contribution to suspended particles was also 
greatest in tropical areas of the central and western gyre, decreasing toward temperate 
waters.  Our estimates for diazotroph new NCP range between 1 to 4% of current NCP 
estimates in the STNA, implying short turnover times (e.g., ~1 week) for biomass 
supported by diazotrophs.  This implies tight coupling between diazotroph production 
and export in the STNA.  This result helps resolve the potential for N2-fixation in 
removing CT at the basin scale in oligotrophic oceans, and that diazotroph N export can 
be sensitive to perturbations on short timescales.  Further spatial and temporal sampling 
of suspended particles in the basin will help resolve diazotroph N contribution to biomass 
available for consumption and/or flux.   
 Despite high ND contribution to the suspended particle pool, ND contribution to 
mesozooplankton communities was much lower (8%) and laterally and vertically 
variable. ND contribution exceeded 30% for all mesozooplankton size fractions in several 
areas, but overall TTED was ~2.2% (range between Legs 1-3: 1.9-5.1%) from particles to 
mesozooplankton biomass. We cannot yet assess the mechanisms driving these spatial 
patterns, and our results highlight the need to focus on determining the proximal 
   
 146 
mechanisms driving meridional and zonal trends in TTED.  We also observed minimal 
movement of new N to depth via mesozooplankton diazotroph N consumption and 
export.  Our sampling effort provided basin-wide spatial resolution, but failed to record 
high-resolution temporal shifts in phytoplankton and mesozooplankton community 
biomass.  However, if our results are indicative of typical DVM patterns in the STNA, 
they suggest that migrating mesozooplankton move a minimal amount of new OM (0.07 
mg C m-2) to depth.  This flux estimate is more than an order of magnitude lower than 
other estimates of migrant flux, and other physical flux mechanisms (e.g., diapycnal 
mixing) driving DOM/POM out of the mixed layer.  Future studies should resolve 
seasonal changes in mesozooplankton total and new biomass, as well as their annual role 
in DVM driven export in both the interior of the North Atlantic, and in areas exhibiting 
higher overall migrant and non-migrant biomass. 
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CHAPTER 6 
CONCLUSIONS 
6.1 General conclusions  
 Nitrogen typically limits biological production in oligotrophic oceanic gyres over 
biologically relevant timescales.  The N cycle is inextricably linked to the C cycle, and 
regulates the movement of OC into the oceans via the biological pump.  Stable isotopes 
provide a strong in-situ tracer for biologically-mediated inputs and movement of N within 
oceanic ecosystems.  Thus, natural distributions of 15N within different organic pools 
provide a roadmap for N entry and movement throughout oceanic food webs.  The δ15N 
of N sources, and the fractionation involved in N transfers between different organic 
pools of N, are crucial for interpreting 15N distributions in nature.  We employed lab-
based experiments to elucidate isotopic changes in OM, mediated by decomposition via 
different heterotrophs, and field-based experiments and observations to determine the 
mechanisms driving patterns of δ15N within food webs of the subtropical North Atlantic 
Ocean basin. 
 Particulate organic matter produced by phytoplankton in the euphotic zone is 
exposed to both microbial and metazoan heterotrophs within the water column.  POM 
processing by these heterotrophs alters the isotopic composition of organic matter, and 
these alterations provide information about the trophic state of POM.  Understanding the 
proximal mechanisms (e.g., consumption via bacteria, microzooplankton, 
mesozooplankton, etc.) influencing OM composition is especially important for tracing 
the source and transformation of sinking POM.  In our lab-based experiments, we 
exposed OM with a known isotopic composition to both microbial communities and 
shrimp in order to assess the isotopic shifts associated with their consumption of OM.  
Additionally, we tested the temperature-dependence of microbial decomposition of OM 
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since.  Shrimp tissue was decomposed in both the 4° and 25°C experiments, where N was 
preferentially degraded with respect to C.  We also found that microbial processes tended 
to enrich OM in 15N, but we didn’t see any significant temperature dependence with this 
trend despite large differences in decomposition rates.  This suggests that similar 
microbial processes influence the δ15N of POM regardless of temperature.  In addition, 
future studies should account for this loss of 14N in POM before using these values to 
infer food web processes and/or reconstruct past climates and nutrient budgets.  Our 
study also provides evidence against earlier hypotheses that suggested vertical patterns of 
decreasing δ15N of sinking POM with depth were driven by microbial processes that 
preferentially removed 15N.  Since compound-specific (AAs) δ15N analysis provides 
more information about the biochemical underpinnings of bulk δ15N alterations, future 
studies should assess the relative isotopic shifts of individual AAs during microbial 
decomposition of OM.   
 Metazoans also alter POM through both direct (consumption) and indirect 
(swimming and/or feeding activity) mechanisms.  In our experiments, shrimp 
(Palaemonetes sp.) did not alter the δ15N of their food source through digestion, but 
facilitated higher δ15N of their food source via maceration of that OM (e.g., “sloppy 
feeding”).  Our results counter previous studies that show slightly heavier δ15N of egested 
food particles relative to the δ15N of their food source, suggesting differences in digestive 
processes between different groups of mesozooplankton, or little observable fractionation 
of POM through crustacean digestion. In previous studies, other OM sources (e.g., eggs, 
“sloppy feeding”) could have altered the isotopic composition of collected fecal pellets.  
Our experiments were performed using large shrimp that were not gravid, and excreted 
large, robust fecal pellets that were easily collected and separated from remaining 
undigested particles.  This suggests that there is little, if any, δ15N alteration of POM 
associated with crustacean digestion.  However, higher δ15N of macerated flake food 
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suggests that crustaceans can influence the δ15N of POM through their feeding processes, 
independent of digestion. 
 Our fieldwork in the subtropical North Atlantic aimed to determine the impact of 
diazotroph N within these ecosystems.  Diazotrophs actively fix N2 in the subtropical 
North Atlantic gyre, and support primary production.  However, to date few studies have 
assessed the extent to which diazotroph N supports secondary production.  In the 
euphotic zone, weighted mean δ15NSP and δ15NZP values lower than typical deep δ15NO3- 
values (~4.5‰) suggesting that diazotrophs contributed significant N to the food webs.  
Diazotroph N contribution was generally higher and less spatially variable for suspended 
particles relative to mesozooplankton.  Weighted mean δ15NSP and δ15NZP values, 
however, were positively correlated, suggesting a tight coupling between particles and 
mesozooplankton.  Mesozooplankton incorporated diazotroph N either by consuming 
diazotroph POM directly, or indirectly through N transfers within the microbial loop.  At 
this time it is impossible to assess the dominant pathways for diazotroph N transfer 
within the suspended particle pool and into the mesozooplankton biomass.   
 Isotopic evidence suggested that smaller zooplankton were not migrating below 
200m and incorporated little diazotroph N in the mixed layer.  Smaller mesozooplankton, 
thus, predominantly consume non-diazotroph particles (e.g., detritus) in the mixed layer 
without moving into deeper water.  Larger mesozooplankton, however, were actively 
migrating within the upper 500m, presumably consuming diazotroph N upon their accent 
into the mixed layer at night.  Although migrating mesozooplankton typically transport 
nutrients, POM and DOM to depth, our study is the first to provide evidence for active 
movement of diazotroph N to depths below the mixed layer.  We also observed higher 
δ15NZP in the eastern portion of the basin, despite continuously low δ15NSP values.  This 
suggests that diazotroph N is available, but not highly utilized in eastern food webs.  This 
pattern is most likely driven by differences in the phyto- and zooplankton community 
structure, and suggests minimal diazotroph N movement into deeper water via DVM. 
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 Areas of high PN concentration and mesozooplankton biomass were often 
positively correlated with high DNC to those pools.  This suggests that diazotrophs 
actively enhance primary and secondary production in the subtropical North Atlantic, but 
diazotroph N moved less efficiently into mesozooplankton communities. Diazotroph N 
trophic transfer efficiency (TTED) between PN and mesozooplankton pools ranged from 
1.7-4.2% for all stations, which is quite low considering the TTE of bulk particles (12%), 
and the role diazotrophs play in supporting primary production in this area.  We also 
present the first isotope-based concentration and depth-integrated measurements of both 
new PN and mesozooplankton biomass in the subtropical North Atlantic gyre.  Although 
our data represent a small portion of estimated NCP for the North Atlantic (~1-4%) (Lee 
2001, Lee et al. 2002), they are estimated from a small spatial area (~10% of the North 
Atlantic).  Current estimates of NCP using seasonal and annual drawdown of CT do not 
separate influences by different sources of new N driving the CT drawdown, which is an 
important factor in predicting future changes in C inventories in nutrient-poor basins.  
Our estimates only account for new biomass produced via diazotrophs, and not total new 
biomass with respect to all external N sources (e.g., deep NO3-).  We also estimated 
diazotroph N turnover time of days to weeks, suggesting that diazotroph N export is 
sensitive to perturbations over short timescales.  Although we show that wet N deposition 
was a negligible N input to our sampling area, it proved more difficult to estimate dry N 
deposition due to a lack of regional N flux data.  It is also difficult to predict community 
responses to overall dry N deposition since many other limiting nutrients (e.g., P, Fe) are 
supplied concomitant to N, and thus, may enhance N2-fixation rather than suppress it 
(Mills et al. 2004, Mills et al. 2008).  However, due to the wide range of δ15N for both 
wet and dry N deposits, and growing anthropogenic impact on oceanic basins, future 
studies must focus their attention on separating the relative contributions of new N via N 
deposition and biological N2-fixation to the upper ocean.  Further spatial, temporal and 
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vertical stable isotope data are also necessary in order to estimate basin-scale new 
production in these food webs. 
6.2  Broader implications and future questions for N cycle studies  
 Although our data address several aspects of the marine N cycle and the impact of 
diazotroph contribution to food web structure and function, several important questions 
still remain unanswered. We still do not know the proximal mechanisms that facilitate N 
input via diazotrophs into food webs.  Few studies have found evidence for direct 
consumption of diazotrophs via mesozooplankton.  O’Neil et al. (1996, 1998) showed 
that a harpactacoid copepod, Macrosetella gracilis can consume and incorporate 
Trichodesmium C into biomass (Oneil & Roman 1994, Oneil et al. 1996).  However, gut 
analyses and δ13C distributions within field-collected (off the west coast of Hawaii) 
copepods, including M. gracilis, suggest that copepods are not actively incorporating 
Trichodesmium biomass directly, although their δ15N suggested diazotroph N influence 
(Eberl & Carpenter 2007).  Eberl and Carpenter (2007) further hypothesized that 
Trichodesmium may be a better home than food source for M. gracilis.  M. gracilis use 
Trichodesmium as a physical substrate, which is similar to an earlier hypothesis by Judith 
O’Neil et al. (1998) after they found M. gracilis eggs attached to Trichodesmium 
filaments.   
 Natural abundances of 15N and 13C POM and mesozooplankton found elsewhere 
(Holl et al. 2007) also suggest Trichodesmium incorporation via grazing.  Trichodesmium 
abundances and N2-fixation rates were highest offshore in the northwest Gulf of Mexico, 
and δ15N values of both POM and smaller mesozooplankton (<500µm) were lower 
relative to stations exhibiting lower Trichodesmium abundances.  Trichodesmium has 
been shown to exhibit low natural δ15N (-0.7 to -0.25‰) and high δ13C (-15.2 to -11.9‰) 
in other regions (Carpenter et al. 1997), making this diazotroph an isotopically distinct 
phytoplankton for use in isotope tracing studies.  Holl et al. (2007) used a two end-
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member mixing model to calculate the relative contribution of C to zooplankton (~60%), 
but these results should be taken with caution, given the potential for error using stable 
isotopes in systems exhibiting a diverse collection of isotopic end-members.  For 
example, Falkowski et al (1991) showed a wide range of δ13C (-5.5‰ to -29.7‰) of 
several types of phytoplankton, including coccolithophores, dinoflagellates, cryptophytes, 
and cyanobacteria (Falkowski 1991).  They suggested that different carbon fixation 
pathways (e.g., C3 vs. C4), and the level of C limitation would dictate δ13C in 
phytoplankton, which would alter the overall δ13C of the suspended particle pool as well.  
Thus, without intimate knowledge of the diversity and relative abundance of the 
phytoplankton communities, it is difficult to assess relative C contribution to 
mesozooplankton via a single phytoplankton.  Also, although the lower δ15N values 
suggest that diazotroph N is an important component for both phytoplankton and 
mesozooplankton growth, this N can be delivered to other phytoplankton, bacteria, or 
micro-heterotrophs via other mechanisms (e.g., the microbial loop, diazotroph DON/DIN 
release).       
 Sommer et al. (2006) hypothesized that the microbial loop may play a dominant 
role in diazotroph N transfer between diazotrophs and mesozooplankton.  In their 
mesocosm experiments, Acartia clausii, the dominant copepod in Kiel Fjord, avoided the 
N2-fixing cyanobacteria, Nodularia spumigena, but consumed other plankton in these 
incubations.  In their mesocosm experiments, copepods exhibited low δ15N, but did not 
always suppress N. spumigena growth, suggesting that they were not actively feeding on 
these cyanobacteria.  However, copepods did actively feed upon other microzooplankton 
and phytoplankton (heterotrophic ciliates, dinoflagellates and diatoms), which were 
proposed as vehicles for diazotroph N transport into copepods.  Diazotroph/diatom 
assemblages (DDAs) may be a good food source for mesozooplankton, but this has not 
been directly examined either.  Interestingly, given the potential for sinking flux out of 
the water column for some DDAs (Subramaniam et al. 2008) consumption of DDAs via 
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mesozooplankton may be a crucial link for diazotroph flux into deeper waters.  For 
example, while sampling a DDA bloom in the Amazon River plume, Subramaniam et al., 
(2008) witnessed a large salp bloom which consumed a large portion of the 
phytoplankton biomass (>50%) within a single day (Agit Subramaniam, pers. comm.).  
Although they did not publish grazing rates or isotope data for mesozooplankton, salps 
often sample POM indiscriminately, and most likely consumed (and exported) a large 
portion of the DDA biomass in that area.  No data presently exists for direct 
mesozooplankton assimilation of picocyanobacteria, but given their potential for fixing 
huge quantities of N in oligotrophic systems, they could contribute a considerable amount 
of N to food webs.  
 Historically, it has been difficult to identify N pathways through the microbial 
loop and its link to metazoan populations.  When attempting to trace the movement of N, 
difficulties arise due to the diversity of organisms present in the water column, as well as 
temporal shifts in community structure and/or selectivity of food sources by metazoans.  
Furthermore, conclusions drawn about community dynamics are often made by 
monitoring changes in relative abundances of species within mesocosms, without directly 
linking consumer with food source(s).  Stable isotopes can potentially help resolve some 
of these issues, but may be limited to specific links within complex food webs.  More 
specifically, there is also a paucity of data that details N transfers within the microbial 
loop.  Azam et al. (1983) highlighted the potential importance of the microbial loop in 
marine systems, claiming that it was a potential vector for C transfer back into the 
classical food webs that centered around metazoans grazing on phytoplankton.  The “sink 
vs link” debate has ensued in an attempt to determine the value of the microbial loop as a 
food source for metazoan populations.  The present consensus is that the microbial loop 
may be more important as a sink, given that studies have shown inefficient movement of 
bacterial biomass through long protist food chains (Calbet & Landry 2004, Fenchel 
2008).  However, despite inefficient transfers between bacteria and flagellates, 
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mesozooplankton often consume organisms along these food chains, short-circuiting the 
chain by feeding in the middle.   
 Isotopically, we know little about trophic transfers between microorganisms in 
oligotrophic systems.  Rau et al. (1990) showed that size-fractionated SPOM can indeed 
exhibit different δ15N values, but the transfer mechanisms for these isotopic values 
remain elusive.  Bacterial decomposition will often produce higher δ15NPOM, which is 
primarily driven by isotopic fractionation via enzymatic deamination and or 
transamination reactions of peptides and amino acids (Macko & Estep 1984, Macko et al. 
1991, Macko et al. 1994).  Using a multiple-tracer approach, we can devise and carry out 
shipboard experiments to monitor diazotroph N transfer to various organisms within 
microbial food webs.  Additional tracer techniques would also be easy to implement in 
large volume 15N2-fixation incubations both in lab and at sea.  Lab-based experiments 
with culturable diazotrophs (e.g., Trichodesmium) or perhaps other more widely 
consumed phytoplankton, and zooplankton would be essential for developing and fine-
tuning execution of these more elaborate experiments.   
 One field-based approach could be accomplished by collecting seawater at 
various depths, determine the initial microbial community structure via flow cytometry, 
and run parallel experiments using 15N2 and H13CO3- tracers to follow the movement of N 
and C through the microbial populations.  Other tracers (3H-thymidine, 14C-Leucine) 
could also be added to estimate active bacterial production.  For example, 3H-thymidine 
is now typically used to quantify abundances of metabolically active bacteria in 
environmental samples (Ducklow 1999).  Protist grazers retain 3H-thymidine (and/or 
leucine) upon bacterial consumption, thereby tracing metabolically active bacterial 
biomass into these microzooplankton grazers (Zubkov & Tarran 2008).  After 24 hours, 
the seawater should be filtered through nitex mesh of multiple sizes (<3µm, 3-10µm, 10-
50µm, 50-100µm, 100-250µm) in order to separate various populations of bacteria and 
microzooplankton by size.  Multiple replicates of bottle incubations should be performed 
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to categorize shifts in phytoplankton and microplankton community structure during 
experiments (via flow cytomtery).  DNA and RNA extractions, as well as microscopy, 
could also help assess diazotroph community structure and activity in these microcosms. 
The subsequent connection between microzooplankton and meesozooplankton 
communities using these multiple tracer techniques could be easily incorporated into our 
large volume 15N2-fixation experiments at sea, providing a powerful combination in 
elucidating C and N movement.  Mesozooplankton could also be added to parallel 
experiments, in order to trace the movement of our tracers into larger grazers.  Several 
different species of metazoans have already been successfully incorporated in our large-
volume incubations at sea during cruises in the tropical North Atlantic (e.g., SJ0609), 
further suggesting the feasibility of these mesocosm experiments.  Finally, diazotrophs 
(e.g., Trichodesmium) could also be added to these experiments, if available from the 
water column.  However, several control incubations, and perhaps incubations of 
Trichodesmium with filtered seawater of the size fractions listed above, would be 
necessary to separate new N movement through the potentially divers assemblage of 
diazotrophs in these incubations.   
 Is it necessary to understand trophic dynamics at such a complex level?  What 
added information do we gain by looking at specific interactions rather than just grouping 
organisms into trophic levels and monitoring C and N transfer (as we have done in our 
field data here)?  The simple answer is that predator-prey dynamics in the open ocean are 
often quite complex both spatially and temporally, and not easily generalized nor 
quantified through stable isotopic analysis (i.e., isotopic alteration via microbial loop).  
This complexity can also lead to spatial and temporal variation in food web structure and 
function, and OM flux throughout the water column. It is often difficult to predict what 
consumers (i.e., metazoans) choose to incorporate, and when they will choose specific 
food sources. Other problems, such as omnivory and mixtrophy (e.g., dinoflagellates, 
algae) blur the potential connections between distinct trophic levels.  Marine 
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meszooplankton are also often omnivorous, and switch foods seasonally, and on shorter 
time scales (within days).  For example, Leising et al (2005) showed that Calanus 
pacificus often changed its diet unpredictably (weekly samples) while grazing within 
phytoplankton blooms in Dabob Bay.  C. pacificus also facilitated growth in other species 
present (i.e., “apparent negative grazing”), but the mechanisms driving these observations 
were not separated in their grazing experiments.  Leising and colleagues did suggest, 
however, as others have, that toxic phytoplankton were avoided by these copepods, 
which supports the growing acceptance that copepods are selective, and certain 
characteristics of food sources (e.g., harmful metabolites) may influence food choice 
(Bullard & Hay 2002).  
 Individual links between consumers and their food source may be especially 
important for oligotrophic systems where biological production is dominated by N inputs 
via multiple diazotroph species.  For example, Carpenter et al. (1999) followed a bloom 
of Hemiaulus hauckii bloom off the northeast coast of South America, which included 
coexisting populations of both H. hauckii (and its endosymbiotic diazotroph, Richelia 
intracellularis) and Trichodesmium.  Both diazotrophs were shown to fix N within the 
water column, and low δ15N of both POM and mesozooplankton were attributed to these 
higher rates (Carpenter et al. 1999).  However, although we can quantify the overall 
impact diazotrophy has to the system, further analysis is required to elucidate the N 
pathways from each diazotroph into food webs (e.g., direct consumption, N leakage, 
microbial loop processing).  Furthermore, the type of diazotroph may also be important in 
new N flux out of the water column, be it through direct flux of diazotrophs (Voss et al. 
2001, Subramaniam et al. 2008), or mediated by food web processes (Montoya et al. 
2002). 
 Although we have gained a better understanding of C and N flux over the past 
~40 years through sediment trap deployments, we still do not know the proximal food 
web processes that drive vertical patterns of sinking C flux in the oceans.  We also do not 
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know the relative impact various N sources have on C flux into the deep sea (e.g., 
diazotrophy, eddy-induced NO3- upwelling).  For example, although Trichodesmium can 
fix N at appreciable rates in the mixed layer, few studies have visually detected these 
filaments in surface sediment traps.  However, low δ15N of particles caught in shallow 
(150m) (Karl et al. 1997, Karl et al. 2002) and deeper (500m) sediment traps (Voss et al. 
2001) below areas of high trichome abundances suggests diazotroph N presence in 
sinking flux.  However, we are still unsure about the dominant mechanisms influencing 
the magnitude of flux with depth (i.e., direct sinking vs. fecal pellets), and the proximal 
processes reworking POM in transit (i.e., zooplankton vs. microbial decomposition).  
There are also no data, to my knowledge, observing diazotroph biomass in deeper 
sediment traps (>500m).  Decreasing δ15N of sinking particles at the Ocean Flux Program 
(OFP) site off Bermuda suggested a possible influence of diazotroph N in sinking 
particles, but this conclusion is very tenuous given our poor understanding of the source 
and transformation of the POM through the water column.  Other studies have shown 
similar trends in deeper traps, but again, little connection between surface and sinking 
diazotroph POM can be drawn without a more thorough understanding of particle source 
and transformation of those particles.   
 Our data set from the cruise SJ0005 in the subtropical North Atlantic may provide 
clues to mesozooplankton-driven diazotroph N export out of the mixed layer.  Although 
overall transfer efficiency was low between suspended particles and mesozooplankton, 
we observed areas where diazotroph N flux could have been facilitated by 
mesozooplankton consumption and export.  Along leg 2 of SJ0005, we observed 
relatively low δ15NSP values below the euphotic zone at station 12, but relatively high 
δ15NSP below the euphotic zone at station 11 (Chapter 4, Figure 2).  Low δ15NZP at each 
of thee stations suggested high diazotroph N contribution (>20%) to all size fractions of 
the mesozooplankton communities, with the highest contribution to larger 
mesozooplankton at station 11.  Rapidly increasing apparent oxygen utilization (AOU) 
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values with increasing σT below the vertical feature at station 11 and 12 also suggest 
increasing respiration of particulate organic matter (POM) via heterotrophs. Shoaling 
AOU values at Station 11 reach maximal values (30 µmol l-1) while AOU values drop 
slightly (26 µmol l-1) to the northwest at Station 12.  Anomalously high δ15NSP values 
below 150m at Station 11 (6.7‰) also suggest that microbial communities are 
remineralizing POM at these depths.  Microbial respiration of POM often leads to higher 
δ15N of OM (Macko & Estep 1984, Macko et al. 1991, Lehmann et al. 2002), and has 
been used to explain vertical trends of increasing δ15NSP with increasing depth in the 
water column (Altabet et al. 1991, Voss et al. 1996, Nakatsuka et al. 1997, Wu et al. 
1999b).   
 We are unsure of the origin of the POM (lateral vs. vertical transport), but I 
speculate that shoaling AOU values, higher NO3- concentrations and higher δ15NSP values 
below the euphotic zone and lower δ15NZP values within the mixed layer provides 
evidence for new N export.  A considerable fraction of exported material at station 11 is 
potentially diazotroph-derived N, considering the high δ15NSP values below 150m.  
However, low δ15NZP values of all mesozooplankton size classes in the euphotic zone 
suggest considerable diazotroph incorporation over weeks to months.  Furthermore, lower 
δ15NSP below the euphotic zone at station 12 relative to station 11 suggests different times 
of a diazotroph bloom, with the onset of bloom conditions at station 12 and the end of a 
bloom at station 11.  However, these are mere speculations, and would require further 
measurements (e.g., sinking particles (via sediment trap collection), Chlorophyll a, 
δ15NDON) to resolve the interactions between mesozooplankton and diazotroph N flux.   
 Although our data answer questions regarding the extent to diazotroph N 
movement within suspended particles and mesozooplankton in the STNA, many more 
questions emerge as a result of our findings:   
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1) Does diazotroph N enter higher trophic levels directly through mesozooplankton 
consumption, or through the microbial loop?  Are these trends easily generalized, or 
species-specific?   
2) If diazotroph N mainly enters through the microbial loop, can we effectively trace the 
movement of diazotroph N through these food webs and into higher trophic levels.  If 
so, do certain links translate into higher DNC to mesozooplankton?   
3) Why is the diazotroph N trophic transfer efficiency (TTE) markedly lower for 
mesozooplankton over such a broad spatial scale?   
4) Is TTE between particles and mesozoopalnkton greater in other basins (e.g., North 
Pacific)?  Are there seasonal differences within the STNA and elsewhere?   
5) What role does DVM play in transporting diazotroph N to depth? 
6) What is the overall TTE for the entire system (N2 input  diazotroph PON  
microzooplankton PON  mixotrophs  mesozooplankton biomass), and what 
organic pools preferentially retain diazotroph N (DOM?  Smaller plankton not 
captured on our filters?)?   
7) How do diazotroph communities respond to other sources of N (e.g., dry and wet 
deposition), and how does the phytoplankton community shift in response to 
deposition of limiting nutrients for both diazotrophs (e.g., P, Fe) and non-diazotrophs 
(N)? 
 Although these are only a few questions that stem from our research, they are a 
starting point for future studies.  Going forward, we should focus primarily on elucidating 
the proximal mechanisms of diazotroph N movement through oceanic food webs (e.g., 
mesozooplankton consumption, microbial interactions), which directly influence food 
web structure, and ability to export N.  Focus should also be placed on characterizing 
shifts in phytoplankton (and zooplankton) community structure given variable inputs of 
limiting nutrients that facilitate or minimize diazotroph growth and/or N contribution.  
Several areas (e.g., Amazon plume, west African coast, STNA, STNP) provide optimal 
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locations to assess the roles different diazotrophs play in food web dynamics and N 
movement in the mixed layer and below.  Furthermore, future experiments should apply 
multiple tracer techniques, both in the lab and in the field, in order to trace C and N flow 
through microbial food webs and into higher trophic levels. (Mariotti et al. 1981, 
Cifuentes et al. 1989, Horrigan et al. 1990, Hoch et al. 1994, Montoya & McCarthy 1995, 
Karl et al. 1997, Wu et al. 1997, Brandes et al. 1998, Altabet et al. 1999a, Altabet et al. 
1999b, Carpenter et al. 1999, Sigman et al. 1999, Altabet 2001, Casciotti et al. 2003) 
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